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PKEFAC'L 


Neck  injmv  from  excessive  force  may  become  more  common  with  The  extension  of  hi^h -accelerant  m  pci  torniance 
envelope-,  and  improved  escape  system  operation  in  irumiin:  ami  combat  aircraft.  The  iniroduetjnn  til  helmet -mmiiiteJ 
eqiupninent  nut*,  turihci  increase  the  risk  of  injury  liom  these  sou  tees  as  well  as  fioin  accidents  in  both  fixed  and  lot.ny  uimi* 
aircraft. 

1  In'*  Symposium  dr-cussed  the  extent  of  tins  risk  and  itsconnol  (hiou^h  the  design  ol  helmet  mounted  devues. 
pioleelive  systems  ;uhI  aircrew  training  and  conditioning 


PREFACE 

l  c.s  lesions  ilu  eou  resultant  de  l  applieaMon  do  force*  exeesMVes  risqucnt  de  Jcvcwr  tie  plus  en  plus  couiantcs  avec 
raecroissement  tics  pci  tor  nrjnccs  er.  acceleration  daiis  le  donuutie  de  sol  et  )es  ameliorations  qui  scroti!  apporlees  an 
foiietiorinement  lie's  sysicmcs  d  evacuation  lies  nv  toils  d'eimamement  et  de  combat  (.‘adoption  de  materiel  monte  sin  lc 
casque  poun.iil  aggiavci  le  rist|Ue  de  lesions  avail!  les  memes  oiigincs  ainsi  qne  le  risque d 'accidents  suiven.mt  aux  aeroiicfs  a 
voilurc  nxe  et  a  voilure  touniante. 

C  V  Symposium  a  examine  {'importance  de  ie‘  risque  ainsi  que  les  moyens  qni  son!  a  met t re  en  oeuvre  pour  le  m.iit riser 
pat  le  buns  tie  la  coikcption  des  dispo-  itifs  monies  sin  le  casque,  les  .sysicmcs  de  proteeiior;.  et  la  for  m.itiou  el  la  preparatinn 
psychologiquc  ilu  personnel  nav  igant. 
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'I  he  (''lit  Aerospace  Medical  Panel  Meeting  and  Symposia  were  held  in  Munich  between 
2-Bh  and  2Mh  April  lwu  days  til  the  meeting  were  dev o»cd  lo  the  topic  id  neck  mjim  m 

advanced  military  .literal*  environment''.  1  lie  theme  of  the  meeting  could  he  summed  up  as  Is  the 
tu  ck  the  weak  bilk  in  the  high  C«  onv  irornieilt  Two  sessions  were  held:  one  on  epidemiology 
ai  1  pathology.  the  second  oil  the  dynamics  of  head  and  neck  motion. 


Lpidcnmdugy  and  Pathology 

I  ike  ih*  otdm.iiv  chaise  retried  to  in  Oliver  Wendell  Holmov  s  poem,  the  human  nccl*  is 
.su.'Oeptildc.  it  appj opr lately  stressed,  to  hrejking  down  This  breakdown  can  lake  the  fou.i  ot 
eithei  veitemai  Iraeturc  or.  more  commonly,  soft  tissue  injury.  Unlike  the  chaise,  there  is  also 
sonic  evidence  to  suggest  that  :he  heaiinj'  sutfaces  of  the  neck  might  weai  mu  as  a  result  ot 
repealed  stressing.  The  tiist  session  ot  the  meeting,  on  epidemiology  and  pathology,  contained 
five  papeis  lii.ti  levicwed  the  evidence  tot  the  occmrence  of  both  acute  anu  cliromc  neck  mom  1,1 
high  peMoiiiiance  aircraft  I  wo  panels  weie  devoted  to  radiological  investigation  ul  tin  cervical 
spine  and  data  analysis  in  ccivii.il  tiatima  and  a  third  paper  reviewed  clccirony  stagmugiapliK 
findings  follow  itig  cer\  icai  injutv . 

The  data  presented  showed  that  a  significant  problem  evistid  with  neck  pant  and  mjurv  m 
high  pert  o»  malice  aircraft  as  eonipai  cd  witn  other  combat  aircraft.  Authors  i  coot  led  i  ih  i  deuces  ot 
ee-.vical  mjurv  between  30-50'/  nt  the  exposed  aircrew  population.  The  moie  agile  the  aucrati. 
the  greater  the  number  of  aircrew  reporting  symptoms.  There  was  coni  luting  evidence  on  tile 
effect  age  on  the  incidence  id  injuiy.  Injury  appeared  to  be  more  prevalent  in  the  training 
environment,  ahhoueh  this  statement  may  reflect  the  effects  of  inexperience,  and  the  greater  than 
normal  exposure  of  the  instructors  lo  high  C»  mauoeuv  enng. 

Several  authors  remarked  on  the  importance  ot  neck  muscle  conditioning  as  a  means  ;it 
preventing  injury.  Tile  unpoitancc  ot  both  formal  physical  training  programs,  and  neck  imisile 

'warm  up*  prior  to  flight  was  stressed,  although  no  data  was  picseiltcd  analysing  the  value  of 
different  training  regimes. 

A  matter  of  considerable  concern  was  the  possibility  that  repeated  episodes  ot  trauma  could 
lead  to  chronic  degenerative  changes  in  the  cemcal  spine.  The  Belgian  Air  I  nice  Medical  Service 
presented  details  of  a  cervical  spinal  screening  piogtam  where  all  pilot  candidates  are  X  -rayed  uh 
initio  and  at  intervals  of  five  vears.  The  aim  is  to  compare  the  results  ot  110  pilots  w  i  t  It  a  control 
group  of  pilots  not  flying  the  T'lh.  Such  a  survey  is  vital  if  the  question  ot  u nether  high-(j  t lying 
provokes  cervical  spondylosis  is  to  he  answered.  Similar  surveys  need  to  be  done  in  a  comparable 
manner  m  other  Air  I  orces  m  order  to  obtain  a  larger  database  and  raise  the  level  of  confidence 
in  the  survey  outcome. 


Dynamics  of  head  and  neck  motion 

The  second  session  was  desoted  to  twelve  papers  on  aspects  of  the  dynamics  of  head  and 
neck  motion  and  the  use  of  computer  models  in  head  and  neck  motion  simulation  Two  particular 
topics  were  covered:  the  response  of  the  head  and  neck  to  flight  acceleration  and  impact  loads, 
with  and  without  the  effects  ot  added  mass,  and  the  assessment  of  cervical  injury  risk  Using  both 
computer  simulation  and  biomechanical  dummies. 

A  number  of  papers  highlighted  the  considerable  effort  that  is  being  made  to  define  and 
model  the  acceptable  mass  and  mass  distribution  characteristics  of  aircrew  helmets  and  helmet 
mounted  equipment.  Some  of  this  work  is  based  on  computer  simulations  of  neck  response  that 
are  validated  against  live  subject  experiments  in  the  range  of  voluntary  tolerance.  This  work  is 
always  difficult  to  extrapolate  into  the  range  where  injury  is  expected  and  cadavers  have  been  used 
to  expand  the  experimental  range. 

The  results  of  computer  simulation  appear  to  be  rather  conservative  in  the  prediction  v>f 
cervical  injury  risk  in  impact  environments.  There  is  still  a  need  for  further  careful  and  thorough 
studies  of  the  cervical  spine  in  accidental  impacts! 

The  paper  by  larriere  et  al  reviewed  the  occurrence  of  cervical  fracture  in  road  tiaffic 
accidents  ana  in  a  series  of  cnuavei  experiments,  and  concluded  that  such  fractures  were 
extremely  uncommon,  particularly  in  the  absence  of  bead  injury  This  observation  echoes  the 
comment  of  Goldsmith  and  Ommaya  (1984)  that  the  cervical  region  is  less  frequently  traumatised 
in  impacts  than  the  head.  Of  topical  interest  was  Tarriere  and  his  colleagues  observation  that 
women  ran  a  twu  to  threefold  greater  risk  of  neck  injury  than  men.  This  finding  vas  not 
elaborated  on  but  may  reflect  the  lesser  muscular  development  and  smaller  vciichial  si n 
generally  seen  in  women- 


Conclusion 

This  was  a  useful  meeting  that  that  served  to  highlight  the  need  for  two  particular  areas  of 
research: 

1)  Further  studies  on  the  epidemiology  of  acme  and  chronic  neck  injury  arising 
from  in-flight  manoeuvring  loads. 

2)  The  continuing  need  for  improved  understanding  of  the  mechanisms  of  neck  injury- 
on  impact. 
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I nl rod Jet i on 

Tlr*  advert  of  high  performance  aircraft  has  produced  a  Scrj“S  of  challenge:;  in  the  fit*  Id 
Of  air -row  pro’  ret  ion .  Amongst  three  hau  Imi  a  growing  interest  in  the  tTlYcln  on  the 
heck  of  additional  mar?  on  t  hr  head*  and  Increased  effort  has  ecet.  directed  it.  recent 
years  towaids  ’he  development  of  light  weight  he  I  mi  Is  t  mil.  in;  iso  fatigue  and 

head  nobility  under  higher  l?vclo  of  aircraft  acot-1  oral. ion .  This  trend  to  lighter 

tv  eight,  helmets  war-  welcomed  ly  there  chargi  d  will;  the  evalutiicn  of  escape  systems,  a? 
concern  had  hern  voiced  that  the  hew  general  ion:;  of  ejection  Seat  might  cause  more  neck 
injury  ,  due  to  th*.»  higher  forces  imposed  on  the  seal  occupant  ly  reducing  the  time  to 
full  parachute  inflation.  Lighter  weight  helmet  c-  would  theoretically  hell  to  reduce  the 
injury  risk. 

The  concern  abeut  the  problem  of  neck  injury  on  ejection  was  partially  addressed  by 
AG  A  UP  Working  Group  11,  but  their  report  concluded  that:  'there'  was  little  reliable 

evidence  to  surges  t  that  head  and  tuck  injury  Wad  a  significant  p  rob  lei;  or.  'with;.**, 

envelope'  ejections  an  modern  ejection  seats'. 

As  a  conroqu'iicv ,  however.  Of  tin  background  work  to  the  V I  11  report,  instances  were 
noted  uf  cervical  fracture  occurring  it:  f  Light;  normally  involving  the  unaware  r'  i  ewmomb  er , 
and  generally  following  the  application  of  high  runceuvrririg  load?-  or.  pari  of  air  combat, 
or  to  avoid  birds  or  terrain.  These  observations  hive  been  made  in  the  Uni  ted  Gtates  Air 
force,  the  Loyal  Norwegian  Air  l  orce,  and  the  Ko.val  Air  Force,  suggest  inc  that  the  problem 
is  more  common  than  had  previously  been  realised. 

With  the  deployment  ef  aircraft  capable  of  s;nst?ined  high-G,  complaints  at  out  acutely 
stiff  and  painful  neckt*  also  be^a.ne  iu»r«-  cemnoii.  Anxiety  was  exprt.  seed  by  clinicians 
involved  with  the  treatment  of  aircrew,  that  repetitive  vertebral  trauma  migh*  lead  t .  • 
an  increased  premature  appeurun  e  of  cervical  osteophytes,  and  that  in  l jit.  might  load 
to  the  affected  aircrewinan  being  withdrawn  prematurely  from  fast  jet  flying.  Ac  a 
corollary  to  this,  arguments  wort  raised  for  introducing  spinal  screening  of  aircrew 
candidates  in  tnosr  countries  w!n  re  such  a  procedure  was  not  already  in  place. 

Tin.  introduction  of  night,  vision  goggles  in  helicopters  and  fu‘r  decent  ly  in  f»s.«  jets, 
and  the  postulated  introd irt  ion  of  helmet  mounted  sirhtii.g  and  disj  lay  systems, 
threatened  to  reverse  the  trend  towards  lightei  helmets  and  exacerbate  tiie  injury  risk. 
Giscussioi;  took  place  at  out  the  bniar.ee  between  oper;ticrui  need  and  stalely,  and  it 
L-vcasa  apparent  t.  it  *'•'"»  f or  useful  data  existed  tc  indicate  either  madimum  allov.;ulo 
added  rr.aas  on  the  head,  or  v.hr-1  were  the  accej  table  head  mounted  di;-!  ri  bill  ion 

character i at ics. 

Some  help  in  analysing  the  maos*,  implications  was  available  from  computer  modelling,  but 
many  of  these  model-  suffered  from  the  limitation  that  they  tended  M  deal  only  with 
shear  aid  torque  forces  at  the  cr.tnio-ccrv leal  junction,  an*  with  a  limited  r. umber  of 
effect.-  ef  p-.c  an tersD-pa-t.tr  •  cr  bending  (noxi..r.  and  ext  — c>  ion) .  What  eoidem;  cl  eg  i  c  a  1 
data  were  available  suggested  that  shear  aud  torque  injuries  at  Ci/«.  Wvre  rcl:**ively 
uncommon,  but  frequently  fatal:  simple  compression  fracture?  at  fj  icing  note  the  norm. 
Furthermore,  t.h»*  models  were  only  claiuaG  t.o  be  predictive  of  structural  rather  than 
soft,  tissue  damage,  although  the  soft  tissue  injury  might  be  of  greater  operat  ional 
consequence,  in  that  it  might  limit  the  number  of  aircrew  fit  to  flv  at  any  cue  time. 

It  had  l-tfi'ome  obvious  that  l hero  war.  a  need  for  eohi-iderab le  further  in:  ornuV.ioi- ,  and 
also  a  need  to  develop  some  form  of  classification  with  a  view  io  more  \  recipe  c!ei  initial 
of  research  requirements.  There  war.  a  further  urgent  need  for  epidemiological  and 
accident  reconstruct iun  data  to  validate  the  computer  modelling. 


Classificat ion 

The  following  is  offered  as  a  working  classification  of  neck  injuries  in  aircrew;  it.  is 
by  litj  means  co:.*preh»’nsive ,  aud  it  is  arguable  that  complete  or  partial  ligament  ions 
disruption  shculd  be  included  with  fracture,  rather  than  being  included  under  the  heading 
of  soft  tissue  injury. 

I .  Acut  c 

a)  soft  tissue  neck  injury,  including,  ligamentous  disruption,  arising  in-flight, 
b >  vertebral  fracture  arising  in-flight. 

c)  soft  tissue  injury  arising  from  acute  loading  an  crash*  or  assisted  escape 
cuv ironments . 


M  : 


r  IC‘  -ivi.  f'-.-i  t  i‘  e  io-JLig  ; r.  -*!~i;d.  »m  'vnv*ip- 

env  '  ..  a  *  i  ■ "  -  . 

<  .  .'h*  .1 : 

a*  hr.rh*  1  v«  .1  i  ••-«  *  i .  •.  .-*rvi-*al  or-t  >.  q  hyt i\)  fti.r-irp.  i  ror. 

eXI  orur**  ?  •  air.  rtf'  i*  m-'e>,v*r  i  i.g  i.'id...  •  V  ex  *  sl< -i,.- « 

r i j-  •*••  •*  ■  •  -1  i  '-'rvir  i',  oM  »*«>j  hvt  03  i  s  >  arising  fr.#m 

J  c;iary  fi  5 1  :•*  !  ‘-ir-rift 

la.  ;...n  l  i:-y  :»rj  .*  i  ng  :n-t  light. 

•  informs!  io;:  s  i.-.-w  avail  IP  l**  on  t  ti  *  in.'i-P’l.'  of  :.vi*t  l  i  I  ir.j.ey  in  r  r-’ivw 

\  at  >  1  a:  j  01  .  Aghinn  (1  *'*<»'  h.lf.  I  i  |  oi’to  1  Ihyt  I*’  l 1  I  -ilols  *i3.i  oil'll  l  iri'.;  1.1.00  lies’ k 

symp'.v.mr.  linn  Kl  .  \  .lot:  ,  .o.d  that,  da  rim”  an  al  r-erval  ; on  j*n  io«l  o;  •  ix  months,  '  c'7  of 
ti."  Kit  j  •  l  1  ct  :*•  had  t’XU'rii.fv'fJ  symi  V>.- .  hi  lire  1  ht*rf*  r**j.*rtr  iv!;ii  c  to  a  p..j  il.it  iei. 

flying  with  relatively  light.  weight  helm-tr,  it  i  :•  olcir  that,  increasing  h*  iri.i ;  r» 

likely  to  ine re:i hath  the  itit mu  1  t.y  and  f peqaenry  of  m-ck  synptoti:*.  The  irohion  M‘ 
r.r-.-'K  injury  i  t  ■  ihv  KH  may  If  rx;t  *orl  ated  »v  t!.i  pitting  position,  which  eeoauva*  of  tin* 
•\ie-utior.  Scat.  iv:i-:  i  i’t  i‘-  a  conj  otii-V  ore  flexion  of  t  hi-  cervical  spine. 

V  n.d«  fVeci-  Ll'-if)  rep-'r- od  on  a  rumple  of  il  1 l  ilot:-  fiying  *  !.re*e  aiivraii  typer.  and 
sli-'Ki-.i  thu*  ine  tv.'.rtJ  aircraft  \  erf  orm-ince  was  arsee  l-i*.  od  witl.  i  t. -re-i; -  d  i.o.v.  r.dry, 
and  thil  increased  age  wu.  a:ooe  i  tied  with  increased  1  ivva  Ioii.t  of  m.ij  l*  neck  injury. 

The  i  gni  f .  'atioi*  of  'oft  llrsao  t.tvl.  injury  o.f  a  la  It  cf  hiph-G  flyi:i>*  is 

that  il  o:p.  ;•«  ay  .in  i::.j  ort  ji.i  los.-  of  nir.ivw  oft  on  to  tin*  ;  1  ;  t :  *■  t  .t.U »  :i:.d  i  n  1  v  it 

that  i net  roadil;.  t  il  !  o  cf  ::•.•••!;  '1  froat  moj.t  .  It  1  •*  'oi;.r.*  a  'or. -.lit  i.'n  ’-hat 

c  Oj  1  d  li.iVt  a  r.  Ipr.i  1  i  efl’oyt  o*.  I  ho  afility  to  pencrito  :  ifj.icr  sorties  in  Li'uo  of 

coi.fi  i.:t . 

K:.ud.--.:i.  cl  al  t ’.'i'iS)  rr.,i;<o  |iaci:olv  tf.ir-  \  tiu'ir  ruvvoy  of  ht»;‘.  * 1 

ml  ir.Jwry  i::  aviuloiv  froia  t  };•  'Jf.h  i'-iojf.r  l.ipht  Atia'.<  W  ‘.  1.0 .  TP.oy  1 

of  K  A-lf  aviiiorr  curv'y-ni  repcrled  :;*'ok  j  ijn  with  hi^h  <u.:.  v'ut  <jf  ‘  r  ;  «K 

i. o.k  ii.jary,  11  r.'»ju :  rod  r«*:i.o.val  frtn  flipl.l  Ct  iluf  !’•*:■  on  *ivorap«*  7  l(yo. 

to  fv.nciior.  of  foci  ivc  ly  daring  hip!.  i«  1*  1  i  :  it  ,  ai.  1  tii.-  ir:j  a.  1  of  *.oS’  i  •  U'l  di 

lip.htod  the  M'ca  for  lot  U.cr  stalioc  into  the  j  re  valence  u:.J  solution:;  for  <  J 

j. t'oi.  injury. 

f'v.  lao  authors  ivcofXi  :  .1  that  aii'.-n'w  :■!•.,  u  Id  oondu  l  t.o.*j-.  ;t  ror.pl  ho*:,  i  nr  t*x?  r*  .  sea  :ir  a 
rou*.  ir.o,  and  ale  >  oMipape  in  in'.’k  'w.n:*.  u\  ’  o>i*i  ci.  "v  itr.:no'd i atriy  \  **ior  to  the  alar*  of 
hiph-o  flylhp.  Th.i-  advice  ha:  a:  parol. t  1  y  t  •*«*]  a  loptod  i t .  rora  Air  Kor.vs  a  1  tnoa, ;r.  data 
v al  id  it  i t . |T  Ihv  uco fu Inors  t*f  nook  :**  ronpt  l.or  1  it.p  and  n.'CH  1  wtrir.  up’  te  *l;:: : q.n-^  aiv 
la.a.inp.  fh*  qaoled  )  apoi  c  are  uc'-f.il  rfart  inp  ji-ints  in  th*  ■..:.i\r  o  1 1  is.p.  of  th-  in  *  ior.  r 

cf  soft  lie:  10  hvck  Shjnr;.  .  Ken*  i t.lY ■r::«.»t  ie::  ic  neou*  1,  h  w-  *.a  r,  i:.  th-*  for::i  of  larp.  r 

scale,  controlled  itaaieS,  urinp  an  apreoj  protocol  and  reft  tirrai  injury  r  la:-  •>  i  f  i  ra¬ 
tio:.  sy:-teii.  Ir.-l’  lipl.t  researep,  to  d  -ruiv.i.t  what  it  is  exactly  that  pilot;'  d.  with 
U:eii*  hvaJa  in  Jv.'.t  dt  tr  a !  c  r>  ••••■'.lire1.,  pr»f.  im!  iy  allied  with  r  t  ui  to  defile  1 1  «• 
inflianror  that  ejection  a-a‘.  ,  he  In.,  i  and  peremai  i  t-uu  m.  d-ripn  i.iv**  ui  •:  haj 
ir.chiliiy. 

If.  heck  fra.’tjri  arisiup.  in-1'1  ie;!;t  , 

"'hi?,  c-jt-jict  i;  of  con.  iderat  le  ipiterest  r’m-e  the  fracture.*  that  nave  teen  re  perio.: 
have  oc.’uired  at  very  rm-.-h  low*,  r  acci  lei  it  ion  level:;  than  uo  convent  :  an:.  1  i  y  an  a  to 
I e  required  to  provoke  injury. 

f-chdll  and  And.-r -'er.  (  19^0 )  ,  leave  ivpe-rl  vd  an  cervical  f  rac  *«  wPef  mat  *  i  :.cd  wnii.t 

air  .’omtut  rr/n.oue vor inp.  Tl:e  va-  e  «nd*  r.h  u  rej  ort t  is  tyq  i.al  .if  the  c* iivirt.-t a.-.cec  of 
itjuiy.  A  flight  surpeor.  fly  it;,:  a  rrixed  cx*  ro.hv,  inc  la  lirip  a:,  inf  crc«.  pt  ion ,  from  tno 
back  coat  of  ar.  KlhB,  hands  over  the  control  of  the  aircraft  to  the  fr*Tit  sealer , 

Following  this,  the  fiighf  surgocn  relayed  in  his  n.at  and  turns  hi.-,  head  an  x  itnl  1  y  yv-v 
his  left  cii 'alder  to  look  j\.r  the  op:  oner.  1  .  Ac  lr-  doer  this  th.-  front  reaUr  ;d  raj  • 
institutes  an  ciimlirp  turn.  The  flight  surpeen  is  caupht  comi  letely  -inawarer* , 
momentarily  losinp  cm. so  ioucners ,  and  his  nox’.  re  col  i«  cl  ion  is  of  heinp  jacknif.J  in  the 
cue;:;  it  sneiuii.i-J  hirh  G.  The  f light  is  cent inued ,  !  it.  in  th*'  eia.uinp  hears  ai't  r 

landiup.  :i.hi:oa  <inJ  neck  pain  dev»- loj  ed  .  Kq.iivooa:  iai  i I efc-.i  n v  «.  v  idvp.co  cf  a  C»* 
sion  fracture  w.u;  obtained,  together  with  evidence  of  ffj/b  1  i  pinei.t  ous  ir.jury  ac  shewn 
by  disc  space  widening  and  minor  posterior  si  ip}  Age  of  l  u  w  •  th  reejeer  u  C». 

It  is  of  no  surprise  that  if  injuries  like  tnis  car.  occur  as  a  tvs  nil  of  in-flight  loa-i.;, 
they  do  not  occur  more  commonly  as-  a  re..utt  cf  emergency  escape.  flearly,  foil,  the 
peak  C  and  the  onset  rate  for  A.uaei ->en  *  r.  case  d.j  tier  ..  i  p.ui  f  i  eant  ly  exceed  6w ,  or  an 
onset  rate  cf  t-lOG  sec-1,  figures  that  are*  comfortatly  t  (.low  those  associated  wi’n 
escape  cyst  en,  usage  . 

fchn.orl  (l')71)  considered  the  question  vert.ohral  fracture  following  minor  traur.a, 
noting  that  at  times  quite  miner  Iraumu  r.ay  cause  coLla.  se  of  a  healthy  vertelra.  Ho 
wa-s  of  the*  view  that  the  uncoo:  dir.ated  com  racf  i»>r.  cf  va:*ious  gtaaps  of  hack  nuseler 
will;  resulting  paradoxic  fixation  and  rotation  of  the*  spvrie,  appeared  to  be  tne 
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n«''h-*ir.  i  r.*?i  i  C~jv  r.s  ill  e .  alro  noted  that  pair.  a. id  ollu  r  neurologic  nynjj  «  on,:- 

appeared  ?•  me  t  irm-  :  !’1  it  th»  !  n  rm  ,  |  eel, ppo  br.vi.irr  CT  the  d««La -hmei-l  pI  ii:i|  net  ed 

fragment,  or  th**  gr-uK  il  di  v<-  loj  merit  of  n  hnrni.it  oma .  Thin,  a'’  J*  o  leading  under  high  i; 
at  oni»*-t  rat  **.;  Ui.i'  af  -pi  *■>  iinar  o  i  im**:'  for  reflex  rai'i  i-u.,  c*'uj  with  an  «'fl  axis 

joslfion  of  1 1  if  r.ivk  ,  may  lr  an  v  - 1  a  r :  V  Sen  for  these  ii:.:;n  1  es .  If  fohm- rl’s  ex;  l.ina- 

tioi.  i :*  I'orv  t  ,  it  would  R’l^’c.  i  that  nr.*’.'  fr:u*«  »u*e  occurring  an  a  remit  of  inflight 

l'.utdo  is  a  1  hoi.otru  i:ot:  that  is  relatively  independent  Of  In.  1  \:\r'  t  IVi;*:s« 

Th.*'  q-jort  ion  of  why  r-.j^h  injuries  vie  not  ot:  emerren.  .*  or  -ape  ritry  in?  an  now-  red, 

alt  hough  the  IK  pr  raj  id  onr-et  of  aeo*'I*'iM*  ion,  lo^i-t  h-r  with  th**  In-ao  hr ;  up  JiicJh’d 
forward  at  th*'  ti.»e  of  seat  init  iat  ion  may  act  ar  a  form  of  ;  i-hIi'i-i  ioi:, 


lv-  .  5. 'ft  tissue  injur}  nr  in  in/;  from  a.  .it  c  loading  it.  orach  or  arsis  ted  - 

er.v  i  t’ofiinor.l r- . 

A  decree  of  r-oft  i  Js«u*-  in'-ury  as  ev  i d»»i.»-ed  by  s  1  r.t  if!  *  * .** *<  port.  oj«- c*.  ion,  r  craun, 

is  r.ol  uncommon.  Indeed  at  tin*  minor  level  it  i  proiai  ly  so  comm  'M  that  i  i  i  ;■ 

frequent  ly  tut  |  ivpTly  d  •ouinent  **  j  .  hoyal  Alt*  Force  eject  j  -  -is  exporionee  ; ug.iresi  3  t  h  it 

there  i  c.  a  minor  rock  injury  rat*-  of  ajiTox  ln.it  »*]  y  'Ut,  M1  hough  this  *  n*;ii,c  ha:-  not 

K*eu  validated.  Ls  important  that  ire  re  attention  should  to  *;e  voted  to  sol':  tisme 

injury  arising  iron.  tjection,  as  emergency  escape  i.coun  i  ng  within  the  sate  escape 
ei.veloj*.  ex|os't*s  the  ai  l v rewm m  to  .1  Ireadiy  k:  own  fer-'t  env  rohrr.ent  .  bjvct  j,:,  tenting 
provides  i-t  at  i  :;t  ica'.  i  t.  format  iou  th.lt  t-nal  le  tt.e  1  ouinJ.  of  the  acceleration  environment, 
to  he  iv*( ,  particularly  for  the  straight  aud  level  ease.  Know  1  r  jgv  of  the  ejection  test 
data,  the  ciiv  .instances  of  the  actual  ejections,  tl.v  character  ist  i  *s  of  t  ne  head  moat. leu 
eqaiirient  ana  U.e  ii.jury  outcome  can  thus  constitute  in  ii.ii  ortant  ep  idem  i  u  log  Lea  I  data 
last’  from  which.  general  nt.it  en.e  id  s  of  inju*-.\  risk  cat.  he  made. 

A  few  within  envelope*  eject  lens  are  fatal,  ar.d  the:  e  pact  a  challenge  to  b^»  h  the 
invest  igat  or  ami  the  pathologist.  It  is  ext  »*«'.-.ely  imj  on  ant  that  particular  attrition  is 
paid  to  the  per.sit  :  1  i  t  y  of  i.ec*  injury,  ever  where  the*  ivid«:.ce  ia  that  ruck  injury  is 
tu*t  t  hi  |  sox  i  r.:at  e  riusu  of  death,  pi  section  «'f  the  neck  it*,  time  consuming  arid  probably 
citm.'t  Le  justified  as>  a  routine  autopsy  feature,  hut  in  those  ca.-es  of  unexj  la;iud 
fatality  on  ’within  er.vel.ji  *  e.it-ct  ionr-  it  is  -.soential  that  evidence  of  neck  injury  te 
sought  if  a  complete  invest  { V't  ion  of  th«'  accident  is  to  le  made.  Tl:**  f.'l  lowing  is  a 
typical  example  of  the  soil  oi  case  that  occurs; 

Case  No  iBn.  (Anton  lvb;.  The  aircraft  was  one  of  a  pairs  formal  ion.  They  had  teen 
briefed  to  do  a  loose  article  check  a*,  some  stage  of  th>*  flight.  At  Ayckt  r  in  company 
with  the  first  aircraft  the  subject  aircraft  rolled  a  full  U>0  degices.  and  tint,  roiled 

again  Iti  lh«  -a  c-  mi  Jell  il  pitcl.rci  r.ose  down.  The  canopy  was  Seen  t  s'  detach,  and  a 

fiash,  possibly  due  to  the  racket  motor  of  t  hr  ejection  seat,  wan  Peru.  Thi  h.j-.t  ru.-tor 
fro;:,  the  rear  ueat  of  the  ruhject  aircraft  war  recovered  ds  owned  beneath  an  apparently 
normally  deployed  iriraclute.  he  had  not  a.  compli  shed  ai  y  po.  t  e.i«-.  t  ior.  drill.-.  iiivtsti- 
gati.'n  showed  t  h:.t  '  he  air-  raft  w  ic  yawing  rcirki-Jiy  at  t  lie  t  i n*. » -  eject  in.  w.«c  ii.it  iate  l, 
which  was  prot  ably  ’within  envelope’ .  Ir.vt  st  igat  ior.  also  revealed  evidence  of  lateral 
extraction  from  the  ejection  seat.  At  autopsy  the  cervical  spine  and  cord  wi-r«-  dissected 
out,  hut  then  was  no  evidence  of  injury  to  th?  brain,  or  spinal  cclumi  or  cord,  althovign 
there  war  bruising  in  the  right  paruvi  rtehi  cil  muscles.  Other  au*  opsy  evidence  indicates 
d'^th  war  due  to  drowning.  The  observation  that  th*  ,  hau  faiieu  i  -  c*  i .p'« « * i- 

any  of  hio  \  vs/t  tjectKii  &urvivai  aril  Is  gave  rise  to  the  view  that  he  ray  h?iVe  l  **on 

incapac  it  a  ted  as  a  result  of  the  ejeolin  fence:.  In  this  case,  h  >w*  ver,  tne  car<*  taken 
to  dissect  tne  neck  failed  to  produce  positive  evidence  of  cord  damage,  aithougn  the 
haemerrhagt  in  the  paiavert ehr.ii  mar. elec  showed  that  the  n»  ci.  had  Ken  subject  to  trauiui. 
This  case  highlight-^  a  further  difficulty  in  that  drowning,  as  an  aaphyx :.al  d'.ith, 
producii;  cer.gert  ive  changes  in  the  brain  that  preclude  u*.  torn  inat  ic-n  et  the  efiY  ts  of 
all  rut  the  grossest  n.  suits  of  jnei’ti-l  iiijt.i'y. 

Id.  bracturec  arising  from  acute  loading  in  craal:  oi  assisted  escape  env  i  renmeiit  : .. 

This  to|ic  was  specifically  addressed  by  AdAIih  W  iking  Oreuj  li.  The  tvi-ience  thei. 
available  revealed  a  wide  variation  ir.  t  .*:*.  report  oi  incidence  of  head  r.eek  injury  on 
eject  i»n..  Much  of  this  variation  wis  gu«*  to  differences  it.  sritei*iu  f  r  irclnsi-t  <f 
injury  between  different  Air  ro»-ce:  ,  not  all  distinguishing  ir.  their  r«q  •rtii.g  -  ’  w-.  .  n 
'  withit.  onvtlopc*  ejections  and  those  out  slur  safe  escape  capability,  both  the  J.*K  an  l 
the  KAF  reported  incidences  of  severe  or  asscuus  neck  injury  of  let  wet  r.  1--JJ  on  'within 
envelope1  escape,  the  injuries  nen^rally  b°:r.£*  ceiip'v.^r.  *  n*;  f  i‘= .  M.rh  1-  r? 

has  been  written  in  the  open  literature  about  tne  types  and  frequency  of  fractures 
occurring  in  crashes,  particularly  of  hc-3  iropt  ere. .  This  a;\e  is  of  considerable 
interest  sir.ee  it  might  be  expected  that  the  addition  of  addc.1  mass  :  or  night  vision  os- 
display  systems  would  Change  the  frequency  or  types  of  cervical  fractures  seer;  in  fatal 
accident s . 


2,  Chronic  Injury 

Schmorl  (op  eit)  also  dealt  wi:*i  the  relat  ion  ship  between  trauma  ar.d  what  ho  termed 
spondylosis  deforrr.ois  ( cf«t  copb.yt  osif* ) .  He  posed  three  questions  whiv'h  have  still  only 
been  partially  answered,  part icularly  for-  the  cervical  spine. 
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a}  bO'-s  traumatic  spondylosis  dc  forma:.:'  exist  without  vcr'-ubiM:  fracture 

b  )  iu'vc  *  rauni.it  i  _•  pond;,  lor- is  Cl formar.S  occur  i:  connection  with  a 
vert  ebral  f raouavv 


r  )  Can  ai.  uxir-ting.  gene:  Ml  i  cod  spondylosis  deformans  U  cxu'ci  bated 
by  traurriV 


The  concept  of  chronic  degenerut  i vc  disease  of  the  cervical  spi;  •  arising  as  a  couscq  il  :ive 
of  either  slni~l«  a:t  s  of  major  trauma  or  repeated  inst  ain’cs  of  minor  ii.ru It  is  common. 
Schmjrl  err.phasi  .-.c.i  abr.orir.a  1  i  t  i  in  the  peripheral  fibres  of  the  annulus  l'ibrosuc  aa  the 
initiating  factor.  Ho  suggested  that  breakdown  occurred  at  the  rite  of  hh<-  viator  annular 
f '.l res  attachment  to  the  vertebral  rim.  This  al  lowed  Gisp lac t-n,!  nt  of  disc  ma'  ereil 
I  rwiu :  inf,  in  turn,  displacement  of  the  overlying  lo.-.gi  i  u-linal  1  igamci.t ,  and  strerr  at  th,» 
site  of  tlie  i  if.im-.M.i  a  at  ha  *hn  t  to  the  vertebra.  Ost>-ophyl  e::  -.ay  the:,  d-  v»  lop  at  there* 

rtreese  i  an  a?  •  l.ipr.on  an  -  Muir  (1950)  locked  af  trie*  effect  of  ventral  r  j.’prar  hernia¬ 
tion  in  rabbits.  Thir  how»„d  that  the  tech:;  i  quo  of  ventral  noMear  horr,  i.i*  ion  of  .i.rcc  1  r . 
the  l..r.l  :»r  spine  could  re’ iat-ly  produce  osteophytes  whicn  arose  from  prol  :  lVrat  ir.g  in 
annular  fibre:-.  Tneec  fibres  uraerw-*nt  inr-i  aplasia  into  cartilage,  calcified,  and  then 
changed  to  Owteophyt es  through  ar.  endochondral  ossification  sequence.  All  of  tr.e  experi¬ 
mental  work  that  har.  been  conducted  appears,  however,  ti>  relate  only  tc  the  lumbar  spine 
and  it  is  net  clear  tc  wh.lt  ex-er.'  the  findings  ear.  be  extrapolated  to  tin-  nt-ck. 

fchr.orl  r.iisco  tre  question  of  a  genera!  i roc  spondylosis  de  foi-pianu  being  exacerbated,  or 
even  cauceJ  5  y  trauma,  only  to  dirmisr  it.  This  appear,;  reasonable  at  ?« 1 1  the  available 
evidence  points  to  the  disease  arising  ar  a  rtsus!  of  icc-tl  changes.  It  ir.  tru-.  that 
disease  ic  see:,  ct  more  that',  one  level  in  some,  generally  mere  elderly  ind  i  v  i -j  ii::. ,  t  ;v 
(■hit  is-  not  per  re  an  argument  in  fivour  of  a  general i;  vd  disease  occurring  as  a  t*-.  suit 
of  trauma. 


Dcgeherat i v*.  changes  of  the  intervertebral  discs  of'  tnr»  cervical  spin*  am  jiso  coi  im.  n , 

;  art ;  u  larl.v  after  the  age  of  -C ,  a.id  affec  7C%  of  patients  over  the  age  of  70. 

(L’c  I'aiPi'i  ot  ai  tv70).  Tin-  moot  commonly  involved  rite-  3r  tin-  intcrverlvi  ral  di;  -  at 
■7a  o,  fcl lowed  ty  ft'7,  these  icing  the  poir.tr.  of  maximal  fiexio::.  It;  contract,  the 
ihtcrvt  rtebr«ti  -lire  h  \  the  C  i>\  level  is  least  of  ter.  affected.  Fivqv-nily,  associated 
Changes  occur  ir.  tb.e  Joints-  of  Lurchka  and  orfeoarthr j  t  is  of  the  apcp:-.y:*-  a  1  art  icu : ;;l  5 onr 
ir»  airs  r.  mv  common  ir.  the  middle  arid  lower  cervical  spine. 


Ja.  Chronic  do  gem  rat  ive  disease-  (cervical  spondylosis)  arising  from  oxi  c.s-cre-  to 
aircraft  rnanoeuver  Lr.g  loado. 

fb.  Cm  or:  i  c  di  genera  t  ive  dibeSiSt?  tcervical  spor.uy  lesis )  ariring  fro::;  j-.ir.tge  su;  t  a  i  ned 
it.  aircraft  eject  icu. 


Kicransio  Cre-olts  (197  0  j roviced  figure:  tint  shew-  -.1  than  the  incidence  of  ra J lologi -;;1  l y 
diagnosed  cervical  cpoi.dy  ;oriv  (spondylosis  do  formant  )  is  higher  in  I:  A!’  pilot;-  than  ir.  the 
civil  j  cp-uiat  ion .  f-u:  rcr'ur  id  ly  ,  Anton  and  Cave  (#9vb>  coniuotod  ar.  anulycis  cf  tie 
i ?  st--  i  jst  ejection  cervical  Xra;/.;  of  *.H  aii’crev;  t postuia*.  ing  ejettior.  aete.i 

a  rundcr. !  sat  irrt  process  *>j*  s«»t  pet  inp  a.ie.it-w  population:;,  Tni:-  u.,..d  tht 

following  c  la:  s  i  f  i  cat  ion  for  tho  ar.alynia  cf  the  Xrr.y  chaugea: 

0.  No  evidt. r,c*.»  cf  chaiigt  (normal). 

la.  Minimal  lor.:,  of  ior.i-js  is  an. her  ninii.-.a:  Jicc  -.pa  c  t.-ir  row  •  ..g  at  C9/h. 


l!  .  ."mall  octeoi  i.  po5tei*iorly  ot.  the  lateral  lip  cf  ut.eev-  •terra  L  Join’s 
o:  hurchkl. 


f .  Moderate' .  Osteophyte:-  at  several  levels.  Marked  disc  r.j  ace  narrow  tug. 

Olvif-ur.  octeojhyte  er.croa-:l»r.-.-:.t  o1:  i.cur^l  foruininae. 

5.  revere.  Two  or  more  levels  involved  by  large  ect eopny tv ?■  arid  marked  disc 
:  ;  ice  narrow  it, g. 

fifty  -if  th-  eb  subject:;  exhibited  no  evidence  of  change,  la  rh-w-.d  grad  la  c:r-»:;p',e:-  and 
!■  sl.owc  i  grade  1*,.  change.  The  moan  age  of  the  group  war  3?  years  which  is  similar  to  th* 
yis  *  /  -c .  j  yru ,  age  of  tr.e  77  >  alieiew  ..-urvey^d  i:.  flic  hAK  sere-  y  of  idtJ- 

19^5  (Atitoti  l>bt),  and  tne  luean  ago  cf  J;J JO  hA?*  aircrew  ir.  the  ?000  aircrew  survey, 

5U.“  yru  yrc  (bolton  ei  al  1971).  Fa”  fowf-r  Xray  chari^ot-  are  noted  it*  this  liter 

f.ro-ui  tha:.  in  M  ucKen/.ie*  Crooks  original  oi  servat  ior.s ,  which  Suggests  a  neeJ  loth  for 
repeat  observations  and  well  Hatched  control:- .  If  the  A:. ton  and  Cave  figures  are  repre¬ 
sentative,  a  larger  sample  than  i;:  available  fro:n  FAF  fast  jet  aircrew  w**ul*d  be  re:j-ui rt-J, 
and  tiiin  help;,  to  make  a  case  for  joint  r.tulies  with  other  Air  Forces  usit.g  agin.ed 
protocols . 

KacKcnzie  Crooks  also  obse-ved  that  the  incidence  of  radiological  chanp.es  of  cervical 
spondylosis  t  TO  X )  war  much  higher  in  aircrew  who  had  ejected,  than  \v.  butp.  a  reported 
Series  in  civilian:;.  ( Fi  i edenbuig  at:d  Killer  19^5),  aria  in  a  control  series  of  pilots  who 
had  r.ot  ejected.  Vhis  finding  of  an  increased  incidence  of  change  ir.  the  group  who  luul 
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ejected  would  suggest  iti.it  trauma  to  the  ctrviral  spin*.  i indeed  c  unison  or.  ejection  and 
carries  a  let tern;  sequel .  Vi, ether-,  however,  there  radiological  changes  arc  clinically 
significant  in  aircrew  remins  tc  be  established,  and  it  would  to  useful  to  c-i  a  repeat 
of  M.tcKenzie  Crook's  study. 

If  it  car.  be  demonstrated  that  flying  high  performance  aircraft,  produces  an  increased 
incidence  of  radiological ly  diagnosed  cervical  spondylosis,  the-  question  cf  the  clinical 
significance  of  the  finding  st  ill  has  to  to  addressed.  X'ray  changes  frequently  occur 
without  clinical  symptoms,  and  except  in  the  case  of  large  posterior  osteophytes,  which 
could  theoretically  fracture  under  load  arid  compromise  the  integrity  of  the  spinal  c'wfd, 
the  Xray  findings  should  not  of  themselves  l-c  a  reason  for  rejection  of  the  a i re rewitan 
from  high  performance  aircraft  flying. 


Prediction  of  r.eck  tolerance  to  trauma. 

Tolerance  criteria  for  neck  injury  are  not  well  estot*  1 1 shed ,  a  situation  which  contrasts 
with  head  injury.  Goldsmith  and  Omnia y a  (398*0  list  five  reasons  for  this  lack  of 
information : 

1)  there  are  fewer  investigations  of  neck  injury,  since  the  cervical  region  is 
loss  frequently  traumatised  thar.  the  head, 

2)  necK  injuries  do  not  exhibit  the  spectrum  of  severity  as  is  the  case  with  head 
injury,  injuries  tending  to  be  either  minor  or  catastrophic, 

3)  neck  response  is  crucially  dependant  upon  the  orientation  of  the  head  and  neck 
and  also  upon  the  direction  cf  load, 

ij )  no  effective  scaling  relationship  from  animal  data  has  been  developed  for  the 
neck , 

To  the  above  may  be  added  a  fifth  reason: 

5)  the  much  more  complicated  structure  and  response  of  the  n<*CK  does  not  readily 
lend  itself  tc  the  development  of  either  mechanical  or  mathematical  analogues. 

Volunteer  ar.d  Cadaver  experiments 

There  is  an  encyclopaedic  data  base  or,  the  response  of  the  human  neck,  tc  predominantly 
~Gx  impacts,  withir  the  range  of  accelerations  that  arc  tolerable  to  volunteers.  Much 
of  tne  credit  for  this  must  go  to  Ewing  ar.d  Thomas  and  their  colleagues  at  the  United 
States  Navy  Biodynamics  Laboratory,  New  Orleans.  Unfortunately,  however,  extrapolation 
of  these  data  to  higher  levels  of  acceleration  is  limited  by  the  non  linear  response  of 
the  neck  and  the  difficulty  in  predicting  the  posit  ion  cf  the  neck  at  the  start  of  the 
impact.  Merts  and  Patrick  (1973)  undertook  a  series  cf  experiments  in  which  human 
volunteers  were  subjected  to  static  and  dynamic  environments  which  produced  non-injur iouc 
neck  responses  fo”  neck  extension  ano  flexion.  Cadavers  we:  c  then  used  to  extend  the  data 
into  the  injury  region.  Analysis  of  the  data  from  the  volunteer  and  cadaver  t  xper inter. t s 
indicated  that  the  magnitude  of  the  moment  about  the  occipital  condyles  was  the  critical 
injury  parameter  for  both  extension  ar.d  flexion.  tr!0  authors  developed  neck  respcr.se 
envelopes  for  the  performance  cf  mechanical  :.*.:c«:s  in  flexion  arid  extension,  and  tolerance 
levels  for  the  neck  in  flexion  ar.d  extension.  These  are  shown  in  Figures  1  &  2. 
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FIG  1  HFAD-NECK  RESPONSE  ENVELOPE  FOR  EXTENSION 
AND  VARIOUS  TOLERANCE  LEVELS 
R»<k«wn  from  M#rtz  A  ?fctnck  <1971) 


FIG  2  HEAD-NECK  RESPONSE  ENVELOPE  FOR  FLEXION 
AND  VARIOUS  TOLERANCE  LEVELS 
Rftdrtwn  from  Marti  t  Patrick  (1971) 
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Sane  work  has  been  undertaken  locking;  at  the  safely  aspects  of  the  addition  of  helmet 5 
and  other  macros  to  the  head.  Muzzy  et  ai  (ljBGi  describe-  a  series  of  -Gx  acceleration 
exposure  experiments  using  Navy  vo] unie-orr  ir;  which  the  dynamic  response  of  the  head  war. 
measured  as  a  fund  i  or  of  mass  distribution  variations.  The  kinematic  response  war. 
measured  for  each  subject  with  no  mars  addition,  a  helmet  and  weight  carrying  frame,  and 
a  helmet  with  weight?  positioned  or,  the  frame  mid  sagitally.  There  was  approximately  a 
30J  addition  to  the  head  mass  witn  these  weights.  Computer  modelling  of  the  head  nccK 
response  was  used  to  predict  the  severity  cf  exposure  with  mass  additions.  The  results 
of  their  investigation  validated  the  models  used  for  predicting  mass  effects  and  showed 
that  maximum  angular  travel  was  the  first  safety  parameter  to  approach,  the  established 
limit  threshold.  (Two  subjects  approached  this  limit  at  -6Gx  with  weights].  Subcequen* ly , 
the  condyle  torque  load  limit  was  approached  at  -80  x ,  again  with  the  rubjects  wearing 
weights.  An  important  findxtig  of  trie  investigation  was  the  fact  that  oue  to  response 
variability  between  subjects,  it  was  not  possible  to  define  discreet  figures  for  safety. 
The  author's  suggest  that  a  eerie  of  safety  parameters;  have  to  be  a  cine  red  to  as  some  of 
their  subjects  reached  angular  displacement  and  torque  limits,  whereas  cln^rs  did  net 
i-eaeh  any  limit  at  all. 

It  is  of  r.ote  that  current  UK  holnets  ana  oxygen  masks  add  a  total  mass  to  the  head  of 
approximately  ?.okg,  compared  with  the  1.33Kg  added  mass  involved  in  the  experiments  cf 
Mur. r.y  et  al! 


Computer  modelling 

Bt-C5.jSe  of  the  limitations  cf  volunteer  experiments,  increasing  attention  has  been 
directed  towards  the  use  of  computer  models  rueh  ur  the  head  spin..-  model  used  at  the 
United  States  Air  Force  Arn strong  Aerospace  Medical  Research  Laboratory  (USAF  AAMM. ) . 

The  version  currently  in  use  represents  the  neck  by  two  parallel  three  dimensional  tear, 
elemcr.tsj  one  of  these  having  nonlinear  viscoelastic  axial  load  deformation  character¬ 
istics  represent ir. g  the  cervical  spin-  .  The  other  element  has  nonlinear  tending  tehCiViou-- 
arid  ic  used  tc  account  for  the  nonlinear  stiffening  effects  of  the-  soft  tis.ue.:  of  the 
neck.  Urivitser  t  dettocerri  Us7). 

Validation  of  the  head  spine  model  his  coer.  ;  urcuc-c  at  AAKFL  for  a  number  of  years  using 
both  operational  ejection  spina]  injury  data  and  the  comparj son  of  nude]  prediction  with 
experir.*. ntal  data.  Much  of  this  validation  has,  how*  ver,  necessarily  been  centred  around 
the  response-  of  the  thoracolumbar  s.j  ir.e  which  is  const  I’ciined  anatomical  ly  to  a  morh  more 
limited  range  of  motion  tsi-m  the  i:eck. 

It  regrettably  remains  tr«c-  that  although  computer  modelling  jrovidr:;  vital  insights  in1 
t:i»-  nn-ciiinica  1  behaviour  of  the  neck,  ic  is  not  yc-t  sufficiently  sophisticated  to  t  o  a 
rr.i-thod  upon  wnicn  one  can  rely  wr.en  considering  the  acceptability  of  an  actual  piece  ci 
operational  head  mo  anted  equ  1  pme r. t . 

Mo  char,  i  cal  dui:,r:,  i  «-•  s 

Aii  alternative  to  the  modelling  approach  is  to  sophisticated  dummies  with  'state  of 
the  art'  neck  instrumental  ion.  Cr.e  such  example  is  the  Hybrid  ill  dummy  cq..ipi  ed  with 
upper  and  lower  six  degree  of  freedom  tu  ck  transducer:;.  The:?  t. ru:,sdu"..r s  measurer,  forcer, 
along  the-  three  orthogonal  axes  and  the  none:. bn  about  these  axes.,  Cu-h  a  tool  is  clearly 

v.uudok  aS  It  t_i.abj.e--.  feitee-.  le»  !  v  >.(.d,ui  vii  un-U'fl  a  Value  LJ  af  .npi.L  V'Jli-'ii  L  iel.o  al.d 

with  a  variety  of  huaa  loading  states.  It  still,  how^vw,  i s  s.  object  bo  th*-  known 
deficiencies  ir.  auruny  nock  behaviour  and  requires  extensive  validation  against  :  otb 
volant-.-  i  and  cadaver  L-xpoias-nt:  t -afore  it  is  pore i hie  to  translate-  impact  itvusuremvn-.s 
into  meaningful  assessment s  of  risk. 

Secnar.r.  c-t  al  (19db)  compared  tne  staniard  Hybrid  111  nock  against  l.ur.ar.  v-il  ur.tecr  r.eck 
response  to  -lt»Gx  impacts.,  or.j  also  to  and  ->:,♦>•  irr.j  acts  using  th  Uhl's  data  base. 

They  concluded  that  the  Hybrid  111  is  nvj:n  tee  stiff  tc  respond  in  a  human  like  iirit.:.<-x-  u 
->:  and  *z,  but  has  a  re  markable  am:  unexpected  s- iri  lari ty  to  human  neck  i.*ctio;i  for  «y  am 
~x,+y  impacts.  Kodifi  cat  ior.r  to  the  linkage  model  led  Letweei.  the  Hybrid  111  hea-u  and  neck 
W‘-rc  tried  aim  resulted  ir.  an-  improvement  to  th*--  model  r-cspor.:;o.  Trie  modelling  indicated 

that  a  physical  relocation  of  the  model  /ntek  torso  joint  would  result  ir,  rv.«ch  improved 

d  u  •  i»i.y  -  G  x  re  s  ponse . 

Tii  a  furth'-r  paper  Muzzy  et  al  (198^)  compared  hur.a*i  v-t.u::  rnanikir  head  and  ru  ck  r  esponse 
to  *Qs  acti lerat ion ,  exposing  subjects  to  peak  accelerations  ranging  from  r0  to  i?C  al 
onset  rates  from  1U0  to  1 P^OU . roc- 1 .  It  w.s  observed  that  the  human  head  response 

response  w'-rv  ol  nerved  with  t he  humans;  cr,'  r«rS|-o:i::o  which  was  primarily  flexion  of  th*- 
head  and  neck,  and  another  iri  which  the  head  exhibited  significant  extension  follow'd  Ly 
flexion.  The  d  r::.F.y  heed  rerq  once  was  only  iri  fluxion.  It  w.*«s  e  «:ie  1  uded  that  further-  wor-k 
was  rvauiied  analysing  the  effect  of  the  initial  i  edition  on  head  neck  retpor.se. 

It  i:  clear  fron.  the-  forgoing  that  an  enormous  amount  of  work  reniirs  to  U--  dun-  tefoi’i* 

a-ceplallu  rr.atho.T.at  ical  or  mechanical  nod'- 1  a  cut*  t  •?  us?’d  for  accurate  prediction  of  human 

head  neck  >’e  Spor.st*  to  in.]  act;  with  or  without  the  adij-jen  cf  auo-.d  mass.  Ur,  f^rtur.-'i*  e  ly , 
Ue  Sr  reifications.  F  t  currei.t  helmet  moun1.  ec.  synle-ns  will  have  bo  Ir  completed  long  before 
much  '>1  this  work  is  undertaken,  so  there  is  an  urgent  req  1 1  -cnierit  for  the  ii.tell  iger.L 
guea:  at  to  w!iat  ic  acceptal  le ! 
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Cone  1 jc ion 

This  overview  or  the  scope  of  the  problem  uf  i.vuk  injury  it.  high,  performance  aircraft 
aircrew  ur.aer]  ir.er.  the  large  gaps  in  cur  clinical  and  h  iomeehanieal  knowledge.  It  airo 
highlights  tin*  difficulties  involved  at  present  in  giving  the  engineers  of  helmet  mounted 
systems  unambiguous  guidelines  a:  tc  maximum  mass  a.'.d  mass  distribution  characteristics. 
The  adv.Mit  of  sophisticated  head  mounted  systems  offers  a  considerable  challenge  i.i  both 
aeromed) cal  research  and  equipment  design. 
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ABSTRACT 

The  paper  gives  an  overview  of  the  development,  of  the  flying  hclnet  from.  beir.g  merely  a  method 
of  supporting  a  microphone  and  headset  to  an  integrated  part  of  an  advanced  aircraft’s 
avionics  and  weapon  system.  The  operational  needs  cl  the  modern  fast-jet  aircraft  arc  dis¬ 
cussed  and  it  is  reasoned  that  the  pilot  must  be  equipped  with  an  ’electric  hat'  of  some  com¬ 
plexity  t.o  be  mission  effective.  Electronic  and  optical  technology  is  being  exploited  to  the 
maximum  to  give  the  pilot  th«'  data  he  requires,  wh.cn  and  where  he  needs  iL  most.,  yet  still 
allow  him  1o  survive  physically  his  cockpit  environment  to  fly  and  light  another  day.  A  com¬ 
parison  between  helmet  mounted  equipment  capabilities  and  the  mass,  c  of  g  and  other 
implications  is  given. 


INTRODUCTION 


From  the  earliest  moments  in  the  history  of  aviation  the  development  cf  the  flying  helmet  has 
followed  the  development  of  aircraft's  flight  capabilities.  Originally  the  helmet  was  needed 
to  protect  the  pilot  from  the  elements,  and  goggles  were  worn  to  protect  the  pilot  against  the 
slipstream.  Later,  when  morse  and  airborne  radio  became  available  for  a  pilot  tc  communicate 
with  the  ground  and  other  aircraft  in  his  formation,  the  helmet,  was  the  obvious  location  for 
the  earpieces  and  the  microphone.  Noise  attenuation  could  also  be  incorporated.  Mission 
effectiveness  began  to  roly  on  head  mounted  equipment.  As  aircraft,  operating  heights 
increased,  the  use  of  an  oxygen  mask  enabled  pilots  to  operate  efficiently  at  altitude.  With 
the  arrival  cf  jot  power co  aircraft  came  the  requirement  to  escape  at  high  speed.  The  inven¬ 
tion  of  the  ejection  seat  placed  on  helmet  designers  the  requirement,  to  protect  the  pilot  from 
airblast,  canopy  debris  and  head  injuries.  By  this  time  the  cloth  cap  weighing  a  few  grammes 
had  developed  into  iho  ’bone-dome'  with  integral  visors  with  an  over  a1 1  weight  of  over  2 
k  i  lograrr.meu . 

The  weight  of  a  British  Kk  4B  helmet.,  which  is  the  current  UK  flying  helmet,  is  approximately 
2.25  kg  including  the  oxygen  mask.  It  is  not  uncommon  lor  pilots  to  pull  7  g  tn  combat  and 
peak  loads  in  excess  of  this  figure  are  by  no  means  unusual  and  are  likely  to  increase  as 
aircraft  become  more  agile.  It  is  recognised  that  any  additions  to  the  helmet  which  might 
improve  his  operational  of  feet  ivonoss  may  well  increase  pilot,  fatigue  at  best  or  increase  the 
r  .  r.k  of  more  oerrr.anent  damage.  Other  papers  in  the  conference  pi  ecoedingr.  address  in  a 
variety  of  different  ways,  the  effects  the  demanding  environment  places  on  the  pilot’s  neck 
and  how  the  epidemiology  of  neck  Injuries  nay  be  better  studied  and  understood.  This  paper 
attempts  to  explain  the  operational  necessity  fer  imposing  further  physiological  demands  on 
the  pilot  and  luw  equipment  designers  are  trying  to  meet  t.hr  opposing  objectives  of  a  good 
man-machine  interface  and  equipment  which  will  not  load  to  temporary  or  permanent  injury  to 
the  pilot.  An  overview  of  developing  technologies  is  given  and  an  indication  of  likely  future 
trends  offered.  The  views  expressed  in  this  paper  are  those  of  the  author  and  do  net 
ncccssa:  Lly  represent  those  oi  the  RAF  or  MOD. 

PERFORMANCE  hfclQ'J  1  RtMENTS 


In  this  section  an  idealised  cardinal  points  performance  specification  of  requirements  is 
suggested  loi  a  generic  helmet  mounted  di splay/sight.ing  device.  Without  even  considering  tho 
actual  function  of  the  device,  the  plivsical  characteristics  place  severe  constraints  on  the 


Mass 

Inertia 

Centre  ol  gravity 
Volume 

Cabling 

power 

Ejection  safety 
Eye  relief 
Obst  ruc:t  ion 
Field  of  view 


Minimal  fzoro?) 

Minimal  (zero?) 

Close  to  (cr  behind)  the  c  of  g  of  the  head 

It  must  not  impair  pilot's  normal  head  movement  envelope  in  the 
cockpit 

Minimum  number  and  bulk.  Interconnection  via  quick  release 
Minimal.  EHT  generated  locally 

Must  not  increase  the  risk  of  injury  to  tho  pilot  on  ejection 
Consistent  with  ejection,  donning  and  doffJng  the  helmet 
Must  not  restrict  the  pilot’s  vision 
Must  be  adequate  for  the  task 
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Visor 

Oxygon  mask 

Brightnc 

Colour 

FOCU3 

Exit,  pupil 

Robustness 


Compatible  with  the  normal  operation  of  the  protective  visor  and 
sun  visor 

Compatible  with  oxygen  mask 
Capable  of  use  in  all  light  levels 
Compatible  with  other  cockpit  devices 
The  image  must  bo  collimated 
Must  allow  for  normal  helmet  slippage 
Must  be  pilot-proof 


A  performance  specification  for  a  particular  device  would  include  many  other  elements  in 
addition  to  the  above  factors.  The  net  effect  is  a  confused  matrix  of  compromises  which  has 
resulted  in  the  many  variations  in  the  hardware  solutions  Crom  different  nunut acturers .  None 
of  them  fully  meet  the  above  specification  but  ail  provide  the  pilot  with  soinething  of  benefit 
to  his  mission.  The  difficulty  is  deciding  on  the  correct  blend  of  compromises  for  a  patticu- 
lar  device.  It  is  r.ot  the  intention  of  this  paper  to  review  the  different  manufacturers’ 
approaches  to  this  difficult  problem,  but  in  the  following  paragraphs  an  overview  of  a  variety 
of  devices  will  be  given  in  the  course  of  explaining  the  operational  reasons  for  their  need. 


THE  NEED  FOR  HELMET  MOUNTED  DEVICES 


The  design  of  the  modem  flying  helmet  as  typified  by  the  Mk  4  helmet  shown  in  Fig  1  has 
remained  fundamentally  unchanged  for  a  considerable  period  of  time.  However,  as  aircraft  per¬ 
formance  improves  and  weapon  and  avionic  systems  become  mote  capable,  the  pilot's  workload 
increases  and  he  has  less  time  to  make  crucial  decisions  and  carry  out  vital  actions.  It  is 
essential  that  the  pilot  can  operate  hi3  aircraft  and  its  systems  to  the  boundaries  of  the 
flight  envelope  with  efficiency  during  combat.  It  is  vital  that  he  maximises  the  time  spent 
looking  outside  the  cockpit.  These  stringent  and  perhaps  conflicting  requirements  are  forcing 
designers  to  locate  data  in  front  of  the  pilot's  eye3  no  matter  where  he  is  looking. 

The  requirements  of  helmet  design  inevitably  lead  to  compromise:  and  trade-offs.  Do  we  design 
for  maximum  mission  effectiveness  at  the  expense  of  pilot  safety?  When  does  safety  in  term3 
of  protection  against  the  environment  come  into  conflict  with  safety  in  terms  of  enabling  him 
to  fight  better  and  reduce  his  chances  of  getting  shot  down?  This  paper  offers  no  solution  to 
that  dilemma.  The  compromise  between  mission  effectiveness  and  risk  to  the  pilot  is  not 
easily  defined. 

On  the  training  side,  is  it  acceptable  for  a  certain  percentage  of  pilots  to  suffer  temporary 
injury  as  a  result  of  training  with  a  certain  item  of  equipment  which  gives  him  a  significant 
operational  advantage?  It  could  be  that  by  limiting  the  an>ount  of  g  pulled  when  using  that 
equipment,  the  risk  of  even  temporary  injury  could  be  minimised,  although  at  the  expense  of 
reducing  operational  realism  and  hence,  in  peacetime,  losing  training  effectiveness.  The  uore 
capable  the  aircraft  and  its  mission  avionics  and  the  more  effective  weapon  systems  become 
inevitably  results  in  military  operators  exploiting  their  newly  acquired  advantage.  To  do 
this  effectively  in  wartime,  peacetime  training  must  be  realistic.  In  training  circles,  the 
axiom  'Train  like  we  fight  and  fight  like  we  train*  has  become  a  meaningful  olichfe.  The 
situation  i*  however,  far  irore  coirplex  and  is  beyond  the  scope  of  this  paper. 

CURRENT  DEVELOPMENTS  IN  HELMET  MOUNTED  EQUIPMENT 

This  section  examines  some  of  the  items  of  helmet  nounted  equipment  which  have  been  and  are 
being  developed.  Most  of  the  items  ate  for  use  in  fixed  wing  aircraft  which  is  probably  note 
relevant  to  the  theme  of  the  symposium.  However  where  equipment  specific  to  helicopter  oper¬ 
ations  is  discussed  it  will  be  noted  as  such.  Tho  list  is  not  comprehensive  but.  will  give  a 
good  overview  of  likely  trends  as  well  as  explaining  the  operational  needs. 

VISUAL  HE1MET  MOUNTED  DEVICES 


Helmet  position  sensors 

To  make  best  use  of  helmet  sights  and  displays,  it  is  essential  to  measure  the  pilot's  head 
position.  This  data  can  then  be  used  by  the  aircraft  avionic /weapon  system  in  a  variety  of 
ways  as  will  be  described  later.  There  are  various  devices  in  existence,  the  one  wh.' ch  has 
perhaps  gained  widest  acceptance  uperatwo  vm  « lectrc- magnet  ic  »'*•{  nri  pies  .  A  radiator  fitted 
to  the  aircraft  structure,  usually  the  canopy,  emits  phased  radiations  which  are  detected  by 
orthogonally  mounted  coils  in  a  detector  unit  on  the  helmet.  This  incidental ly  requires  elec¬ 
trical  connections  as  well  as  the  sight,  but  only  weighs  a  few  grammes  and  occupies  a  volume 
of  leas  than  5  cc.  The  signals  generated  by  the  coils  are  processed  to  produce  an  accurate 
measure  of  the  helmet  position,  and  hence  the  pilot's  line  of  sight. 

Helmet  mounted  ai<  its 

Probably  the  first  item  to  be  appended  to  the  modem  flying  helmet  was  a  sight.  Designed  to 
provide  the  pilot  with  an  aiming  mark  which  he  overlays  on  the  target,  the  device  has  a  fairly 
narrow  field  of  view. 
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The  pilot's  line  of  sight  information  nay  be  fed  to  the  radar  or  weapon  system  of  the  air 
craft.  This  technique  is  enployed  in  the  AH  64  Apache  helicopter  which  has  a  chin  rejutud  gun 
which  can  be  trained  in  elevation  and  azimuth  by  the  pilot  pointing  his  head  at  the  target. 

In  the  case  of  air  aircraft  equipped  with  a  r>i3sile  employing  infrarod  guidance,  the  missile 
seeker  head  is  slaved  to  pilot's  line  of  sight  to  enable  the  missile  to  lock  onto  the  target.. 
When  lock -on  has  been  achieved  the  missile  is  fired  and  the  pilot's  attention  can  be  turned 
elsewhere.  The  operational  advantage  is  that  the  pilot  can  effectively  increase  the  manoeuvr¬ 
ability  of  his  aircraft  and  thereby  improve  the  acquisition  capability  of  the  weapon  system. 
The  in%x>rtant  point  to  note  is  that  there  is  no  need  to  fly  the  aircraft  so  accurately.  The 
operational  advantages  are  obvious.  Fig  2  illustrates  the  concept. 

Taking  the  ides  a  stage  further,  it  enables  the  pilot  to  illuminate  the  target  with  his  radar 
by  maintaining  visual  contact.  The  radar  reflections  then  control  a  radar  guided  missile  ofnO 
the  target. 

A  system  similar  to  the  one  described  above,  known  as  VTAS  (Visual  Target  Acquisition  System) , 
first  flew  in  service  in  F4  Phantoms  in  the  early  70a  and  was  used  m  conjunction  with  Sparrow 
and  Sidewinder  missiles.  Fig  3  shows  a  helmet  fitted  with  VTAS. 

The  type  of  symbology  which  will  enable  the  tasks  described  above  to  be  achieved  can  be  quite 
simple  and  hence  can  be  produced  by  a  fixed  reticle.  Fig  4  shows  a  typical  arrangement..  The 
fornut  consists  of  an  aiming  mark  at  the  centre  of  a  circle  which  Defines  the  seeker  head 
field  of  view.  Markers  indicating  the  state  of  the  seeker,  caged  cr  uncaged,  lock-on,  et  c, 
are  positioned  at  the  extreme  of  the  sight  field  of  view.  If  radar  is  used  further  markers 
showing  the  state  of  the  radar  can  be  included.  Each  symbol  is  il lundnated  as  appropriate  to 
the  status  of  the  engagement. 

As  far  as  the  optical  design  is  concerned,  the  light  source  can  be  filamtint  bulbs  or.  more 
usually,  an  array  of  light  emitting  diodes.  The  inv.ge  produced  by  the  light  passing  througn 
the  reticle  is  collimated  and  reflected  off  the  visor  by  a  scries  of  lenses  and  mirrors  or, 
more  usually,  a  prism.  The  design  of  these  elements  is  critical  to  the  performance  of  the 
device.  Fig  5  shows  a  typical  arrangement . 

The  Optical  design  constraints  can  be  summarised  by  the  formula  below  where  D£  is  the 
diameter  of  the  exit,  pupil,  Dc  that  of  the  collimating  lens,  and  dR  the  distance  from  the 
lens  to  the  eye.  For  a  field  of  view  2A 


Dq  ■*  2d^  tan  A  + 

For  a  wide  field  of  view  (large  A),  a  largo  exit  pupil  (D^) .  and  good  eye  relief  (d^) ,  a  largo 
dian>eter  collimating  device  (large  0^)  is  the  result.  However,  to  maintain  a  low  weight  and 
reduce  obscuration,  a  am*} :  collimator  is  desirable.  This  is  the  buoic  dilemma  which  i«aults 
in  the  range  of  products  available  from  the  manufacturers. 

In  order  tc  obtain  a  bright  image,  the  visor  must  be  an  efficient  reflecting  surface  in  the 
area  where  the  sight  image  is  seen.  It  is  inportant  that,  the  transparency  of  the  visor  is  not 
reduced  or  the  pilot's  view  of  the  wox Id  becomes  attenuated.  To  ovcrcon»©  this  undesirable 
characteristic,  narrow  band  or  dichroic  filter  material  can  be  used  which  is  designed  to 
reflect,  the  wavelength  of  the  sight  light,  source  and  hence  transmit  all  ether  wove  lengths. 

The  net  result  is  a  bright  sight  image  and  little  discernible  change  to  the  scene  brightness. 

Once  thi9  concept  had  been  shown  to  work,  it  was  realised  that  by  introducing  new  elements 
into  the  format,  a  helmet  mounted  sight  could  be  utilised  for  other  functions.  For  example, 
cy  introducing  cueing  marks,  the  pilot  could  be  shown  the  direction  an  approaching  target.  A 
possible  format  for  ouch  a  sight  is  illustrated  at  Fig  6.  The  number  of  different  elements  is 
now  getting  quite  large  and  packaging  becomes  quite  difficult,  within  the  constraints  of  a  head 
mounted  system. 

One  way  of  overcoming  this  is  by  using  an  array  of  light  emitting  diodes  to  form  a  matrix. 

Such  a  device  is  shown  at  Figs  7  and  8.  The  problem  with  this  technology  is  that,  the  lumber 
of  elements  in  the  matrix  is  limited  and  therefore  the  definition  of  the  display  leave j  much 
to  be  desired.  Vertical  and  horizontal  lines  can  be  shown  with  ease,  but  lines  at  angles 
exhibit  a  staircase  effect  as  shown.  However,  an  advantage  of  matrix  displays  is  the  .r 

to  show  alphanumerics  although  confusion  of  similar  characters  can  occur  if  '-he  number 
of  elements  in  the  matrix  is  limited,  so  the  formats  must  be  carefully  designed.  The  answer 
is  to  produce  arrays  with  smaller  elements  to  increase  the  resolution  of  the  di "play  and  ftuch 
work  in  this  area  is  being  carried  out,  but  so  far  a  matrix  with  sufficient  solution  has  yet 
to  be  perfected  for  helmet  sight  application. 
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Helmet  mounted  displays 

The  advantage  of  the  types  of  devices  so  tar  described  is  that  they  can  be  designed  to  be 
reasonably  small  and  lightweight.  Mo3t  of  the  driving  electronics,  power  supplies  etc  can  bo 
mounted  off  the  nan,  and  the  cabling  requirements  are  not  too  severe.  However,  the  trade -off 
is  that  they  restrict  the  information  available  to  the  pilot.  To  provide  tuil  flexibility  of 
display,  the  cathode  ray  tube  must  be  utilised.  This  ubiquitous  device  lias  been  used  in  n\iny 
way3  in  aircraft,  from  radar  screens  of  the  1940s  to  the  present  day  'glass  cockpits'  wheTe 
the  primary  instrument  panel  consists  of  several  colour  CRTs.  It  is  no  accident  that  cockpits 
have  developed  this  way-  CRTs  allow  full  flexibility  of  display  format,  giving  a  multifunc¬ 
tion  capability  to  the  surface.  Alphanumerics  and  symbols  can  be  produced  with  high  defi¬ 
nition  and  brightness  using  cursive  or  stroke  writing  tecljiiques,  or  if  imageiy  is  required  to 
be  di jplayed  from  an  on-board  sensor  such  as  television  or  infrared,  raster  techniques  can  be 
utilised. 

The  early  tentative  steps  to  incorporate  a  CRT  on  a  helmet  were  fraught  with,  difficulties,  the 
main  being  the  development  of  a  sufficiently  small,  rugged  tube  with  high  enough  brightness 
and  resolution.  Before  head  mounted  CRT  devices  are  discussed  an  explanation  of  the 
operational  need  should  bo  given. 

The  flexibility  of  format  has  already  been  mentioned.  The  pilot  of  the  modern  ccmbat  aircraft 
is  normally  equipped  with  a  suite  of  head  down  or  panel  mounted  instruments,  and  in  the  case 
of  more  modern  aircraft  these  are  CRT  based.  His  primary  instrument  is  the  head  up  display,  or 
HUP,  and  from  this  display  surface  ha  will  acquire  primary  flight  information  together  with 
secondary#  or  mission,  data. 

The  display  is  switchable  for  a  variety  of  r.xxies  depending  upon  the  phase  of  the  mission. 

Most  HUDs  have  a  general  or  navigation  mode  (aa  shown  at  Fig  9),  a  bombing  mode,  an  air  combat 
mode  etc.  If  moding  was  not  'employed,  the  display  would  be  too  cluttered  thus  denying  the 
pilot  a  clear  direct  view  through  th-'  combiner.  A  typical  figure  for  tho  HUD  field  of  view  is 
25°.  If  the  pilot  looks  outside  thi:*  relatively  small  area  he  deprives  himself  of  all  flight 
and  mission  data.  In  air  combat  and  air  to  ground  operations  this  could  severely  compromise 
his  operational  capability. 

The  ability  to  keep  an  awareness  of  the  situation  all  atound  the  aircraft  is  the  key  to  mis¬ 
sion  success  and  survival  in  a  hostile  environment.  The  phrase  'situational  aw.reness* 
applies  to  all  aspects  of  military  operations,  whether  low  level  ground  attack  or  air  combat 
at  higher  altitudes.  The  continuous  availability  of  data  concerning  the  aircraft  and  its 
systems  while  the  pilot  scans  the  3ky  is  essential  to  maintaining  situational  awareness.  A 
helmet  pointing  system  could  also  assise  in  the  low  level  navigation  task  by  defining  off 
track  way-poincs,  or  targets  of  opportunity,  thereby  reducing  the  pilot's  cockpit  workload. 

It  has  been  established  for  many  years  that  to  form  an  effect  vo  defence  in  Western  Europe  oui 
pilots  must  capable  of  flying  throughout  the  whole  24  hour  period.  The  development  of 
electro -optica I  sensors  such  us  io*  light  TV,  Might  Vision  (Vvngles  (NVG)  and  Forward  Looking 
Infrared  (FLIR>  imaging  systems  has  provided  the  means  to  accomplish  this.  However,  if  we  are 
to  operate  by  night  as  effectively  as  by  day  we  mu9t  provide  the  pilot  with  tho  same  visual 
information  by  night  as  is  available  to  him  by  day. 

Tho  above  operational  requirements  demand  much  from  the  helmet  mounted  equipment.  The  need 
for  maximum  flexibility  of  format  and  the  ability  to  display  sensor  imagery  drives  us  towards 
CRT  based  systems. 

Table  1  gives  an  indication  of  the  functions  that  might  be  required  by  a  pilot  on  a  helmet, 
device  and  illustrates  the  limitations  of  a  simple  sight  and  a  matrix  display  compared  with 
cursive  and  raster  CRT  displays.  It  should  not  be  implied  that  all  the  functions  listed  under 
a  particular  device  could  be  shown  at  the  same  time. 
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Display  capabilities 


Funct ion 

Fixed  format 

Matr  i  x 

Cur  si vo 

Raster 

sight 

display 

CRT 

CRT 

LoS  h'pn  aiming 

yj 

V 

yj 

V 

Seeker  fov 

V 

poor  1 y 

>J 

V 

Radar  scan 

s } 

poor ly 

V 

V 

Seeker  lock 

«/ 

V 

V 

V 1 

Radar  lock 

V 

V 

yj 

V 

i light  data 

limited 

V 

V 

Systems  data 

V 

yi 

Cueing 

poor ly 

poor ly 

V 

yj 

Reverse  cueing 

poor ly 

poor i y 

V 

V 

FO  imagery 

yj 

LoS  **  lint?  of  sight 

The  above  table,  which  is  not  functionally  complete  tor  reasons  of  classification,  clearly 
indicates  the  advantages  of  CRTs.  Of  course  there  ate  differences  between  raster  and  cursive 
technology  apart  from  the  latter  not  having  an  imaging  capability,  but  this  is  probably  beyond 
the  scope  of  this  paper.  Having  seen  the  theoretical  advantages  of  a  CRT  based  display  sys¬ 
tem,  some  of  the  hardware  offering  those  advantages  will  now  be  described. 

Cne  cf  the  first  systems  to  bo  assessed  is  Illustrated  in  Tig  10.  This  was  a  monocular  raster 
fcii  .'k,  C:<T  and  cih.*sl«o  oi  the  tuue  in  its  housing  toqcther  with  the  optics  to  coll  imatc  the 
display  which  t.  he  pilot  viewed  on  a  reflector  mounted  in  front  oi  his  c*yo .  The  device  was 
heavy,  the  asymmetric  c  of  g  and  the  drag  of  the  cables  gave  problems  over,  in  a  simulator 
assessment.  It  seems  likely  that  the  device  would  give  severe  problems  under  g  and  during 
election  from  a  fast  j«_t  -  However,  the  device  did  provide  exper  icnco  in  using  heirct  mounted 
equipment  in  the  cocxptt. 

The  device  was  pact  of  or.  experimental  system  for  helicopters  develop'd  at.  Par  r.  bo  rough  known 
as  REDOWL  (Remote  Eyes  in  t.he  Dark  Operating  Without  Light).  In  essence  the  pilot  was  equip¬ 
ped  with  a  helmet  mounted  CRT  which  displayed  the  imagery  from  An  VO  st'nscr  steered  in  the 
direction  of  his  line  of  sight..  The  EO  sensor  was  mounted  under  t  hr  chin  of  the  1:*  :  icuptor . 

It.  is  apparent  that  the  weight  distribution  is  asymm t r ic,  the  volume  is  large,  anti  each  eye 
is  provided  with  totally  different  information. 

Trials  involving  a  fixed  wing  aircraft  have  also  taken  place  at  Tar nc-jr o.:gh  but  utilising  hel¬ 
met  mounted  equipment  loaned  l rox  the  United  States.  The  MlI’SEOS  programme  (Helmet  Imaging 
ana  Pointing  Systems  for  Ef  ccrt  ro-Opt  i  ca  I  Seekers)  previd-.d  a  useful  fixed  wing  rxpei  ier.co  of 
HMDs. The  experience  of  epamr  j with  devices  iik»;  these  provided  an  insight  to  i  he  types  cf 
problems  that  had  to  be  overcome  ii  helmet  mounted  oisplay  devices  who  to  become  opera:,  ton¬ 
ally  viable.  The  programmes  not  only  provided  technical  system  per f or manco  data,  but  intro¬ 
duced  some  of  the  human  factors  n.ust  be  considered. 

The  display  is  essentially  a  miniature  head  up  display  (HU;.1)  and  consists  of  the  tube  and  its 
focussing  and  collimating  lenses  in  a  rigid  protective  tubular  usxcnbjy.  The  imago  is  reflec¬ 
ted  off  a  mirrored  surface  to  the  pilot's  eye.  The  requirements  demand  a  Inigo  field  of  view 
together  with  a  large  exit  j  upi 1  to  allow  for  movement  oi  the  helmet  on  the  uoad.  Those 
requirements  lead  to  t ho  quite  cumbersome  designs. 

Eye  point  of  regard 

Mention  was  made  earlier  of  the  requirement  for  a  head  position  sensing  system  and  its  use  by 
the  pilot  pointing  his  head  to  aim  a  weapon.  This  does  lea  a  to  an  unnatural  mode  oi  oper¬ 
ating,  particularly  when  tracking  a  moving  target  when  the  tendency  i.s  to  follow  it  with  a 
combination  of  head  and  eye  movements.  It  is  possible  to  r-.ousurc  I. he  eye  is  pointing 

a;.J  aevcr.ni  devices  are  available  although  mainly  for  workload  study  applications.  They 
opera' c  in  most  instances  by  monitoring  t  fie  corneal  reflections  of  a  spot  cf  non-visible 
infrared  light.  At  the  moment  the  technology  needs  to  be  improved  fer  in  service  applications 
but  inci eased  activity  in  th5::  area  is  underway  in  various  countries.  No  doubt  when  a  mature 
design  is  available,  its  potential  for  improved  aiming  accuracy  will  be  fully  exploited. 

Night  vision  goggles 

Pernaps  one  of  the  earlier  items  to  be  bolted  onto  the  ^*ying  helmet  in  recent  times  was  the 
•■light  Vision  Goggles  iNVGs)  .  Due  to  their  relative  cheapness  and  ease  of  installation  they 
found  immediate  applications  in  military  helicopter  operations.  Tig  1 1  illustrates  a  typical 
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installation.  Energised  by  batteries  carried  on  the  back  of  the  helmet  (counterbalancing  the 
goggles)  the  device  consists  or  a  pair  of  image  intensifiers  configured  binoculaily.  They  are 
fitted  with  an  objective  lens  and  an  «ye  piece  to  focus  the  images  individually.  The  import - 
ant  point  to  note  is  tliat  the  pilot  can  see  an  enhanced  image  of  the  visible  spectrum  wherever 
he  looks.  In  addition  he  can  see  round  the  goggles  to  view  hia  cockpit  displays.  The  mount¬ 
ing  arrangement  allows  for  vertical,  horizontal  and  interpupillary  adjustment,  and  they  car.  be 
parked  out  of  sight  by  swivelling  them  on  the  helmet.  A  quick  release  device  facilitates 
attachment  and  detachment  from  the  helmet. 

In  order  that  tho  NVGs  are  not  overloaded  by  t.he  cockpit  lighting,  special  lighting  and 
filtering  techniques  must  be  used. 

Originally  used  in  the  less  demanding  helicopter  environment,  they  weighed  approximately  800 
gin  including  mounting  brackets  and  battery  pack.  It  was  found  that,  they  could  be  worn  for 
considerable  time  without  undue  discomfort,  other  than  tired  eyes  perhaps.  However,  they  soon 
fourd  application  to  fast  jot  operations  where  a  boresighted  infrared  image  on  a  head  up 
display  complemented  by  the  night  vision  goggles  giving  a  wide  total  field  of  view  of  the 
enhanced  visual  spectrui  provided  a  useful  facility. 

They  obviously  presented  an  ejection  hazard  and  the  weight  and  inertia  was  a  significant 
addition.  Automatic  separation  in  the  event  of  ejection  is  available. 

Human  factors 

Most  dgfices  available  so  far  have  beer,  monocular,  primarily  in  tho  interests  of  minimising 
weight  and  complexity.  There  is  evidence  to  suggest  that  binocular  rivalry  has  caused  prob¬ 
lems  to  some  pilots.  Mont  people  have  a  dominant  eye,  the  tendency  being  for  right  handed  to 
be  'right  eyed'.  All  installations  known  to  the  author  cater  for  the  right  eyed  pilots. 

The  transferral  of  attention  from  the  display  to  the  real  world  and  the  additional  task  the 
brain  has  in  disseminating  the  information  provided  from  the  different  visual  stim.olae  from 
each  eye  may  well  contribute  to  excessive  workload  or  even  disorientation. 

There  are  several  advantages  of  providing  a  binocular  device.  Both  eyes  ace  provided  with  the 
same  stimulus  which  is  the  natural  way  the  brain  receives  visual  information.  Stereoscopy 
provides  the  pilot  with  natural  ranging  cues,  although  true  replication  is  not  possible  unless 
the  aircraft  is  equipped  with  a  dual  camera  installation.  A  binocular  device  does  however 
incur  optical  design  problems  and  doubles  the  weight  on  the  head. 

With  a  head  slaved  sensor  it  is  important  that  the  pilot  is  giver  the  correct  i.nage  for  his 
direction  of  iook,  nut  only  statically  but  dynamically.  The  turret  in  which  the  sensor  is 
mount ed  must  respond  to  rapid  head  movements  otherwise  tho  chances  of  disorienting  tho  pilot 
are  increased.  There  are  more  subtle  affects  also,  relating  to  the  dynamic  chaiactenst ics  of 
a  scanned  image  when  viewed  binocularly. 

If  the  pilot  is  provided  with  air£r<a».*=  i<_«d  .Luluj-iuciL  ion,  foi  ex  an  pie  aiiczafi.  attitude 

or  heading,  on  his  helmet  mounted  display,  groat  care  must  be  taken  in  the  way  the  information 
is  prsaent.ed  otherwise  it  could  lead  to  disorientation  when  he  moves  his  head  off  boresight. 

These  problems  indicate  that  there  are  many  human  factors  considerations  which  need  to  be 
resolved. 

NON-VISUAL  HELMET  MOUNTED  DEVICES 

The  paper  has  so  far  concentrated  on  helmet  mounted  devices  of  a  visual  nature.  Thiy  section 
deals  with  non-visual  devices  which  are  located  on  the  helmet , 


Active  Noise  Reduction  (ANR) 

The  level  of  noise  jn  modern  military  cockpits  is  in  general  increasing-  A  method  of  improv¬ 
ing  the  situation  is  by  measuring  the  noise  in  the  earpiece  of  the  helrr^r  .»nd  reintroducing  *p 
Inverted  signal  to  achieve  cancellation.  As  far  as  the  helmet  is  concerned  the  only  additional 
component  is  a  miniature  microphone  mounted  within  the  earpiece. 

Adaptive  Noise  Cancellation  (».  i 

This  is  aimed  at  reducing  noi3e  on  the  pilot's  telephone  line  using  digital  filtering  and  cor¬ 
relation  techniques.  As  with  ANR,  additional  weigh  should  be  minirml  but  additional  leads  to 
the  helmet  would  be  needed. 
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Direct  ional  audio  cueing 

There  is  a  pos jil.'i lity  that  by  using  stereophonic  earpieces  in  the  helmet,  a  pilot  could  be 
g ivec.  an  audio  warning  cf  the  direction  of  *  threat.  Considerable  work  on  tna  human  factors 
assets  is  needed  before  this  technology'  matures. 

Nuclear,  biological  and  chemical  warface 

Hoods  designed  to  protect  the  pilot  against  NBC  threats  are  invariably  unconfortable  and 
restrict  the  pilot's  head  mobility  and  his  visual  field.  The  operaticnaJ  implications  of 
wearing  them  are  not  trivial.  Head  mounted  equipment  should  therefore  be  designed  with  NBC 
protection  Jn  mino.  With  an  enclosed  head  assembly,  two  factors  grow  in  signifi cance.  The 
pilot  must  be  provided  with  an  automatic  visor  oemisting  system  and  it  seems  likely  that  some 
form  of  head  cooling  a; rsnce.nent  should  be  incorporated. 

TRENDS  IN  HELMET  MOUNTED  EQUIPMENT 

The  Major  problems  a33ociatoi  with  these  device,  especially  those  offering  visual  infor 
aticr,  are  the  size,  weight  and  the  fact  that  they  are  mounted  in  front  of  and  in  clcse  prox- 
imity  to  the  pilot's  face.  Their  location  can  not  be  changed  until  such  times  as  a  means  of 
directly  inputting  data  to  a  pilot's  brain  can  be  developed.  Faced  with  the  reality  of  where 
the  devices  must  be  placed,  the  component  industry  must  be  encouraged  to  develop  smaller,  more 
effective  building  blocks. 

Industry  is  inproving  the  efficiency  of  LED:,  to  provide  higher  brightness  with  less  heat  dis- 
aipauion.  Improved  resolution  could  bring  the  matrix  display  to  the  level  necessary  for 
portraying  TO  imagery.  Integrated  logic/drivers  capable  of  handling  the  peak  powers  involved 
will  enable  the  display  and  electronics  to  be  more  rol 1  .ible  and  reduce  the  weight  on  the 
helmet . 

The  need  for  a  more  robust,  higher  brightness,  better  resolution,  smaller  and  lighter  CRT 
remains.  Industry  is  actively  pursuing  miniaturisation  of  the  devices.  Electronics  can  be 
packaged  smaller  and  the  option  of  mounting  the  drive  electronics  and  EHT  units  within  the 
helmet  shell  is  now  a  possibility  with  obvious  advantages  for  the  system  integrity.  Fig  12 
gives  an  example  of  what  can  be  achieved. 

However,  all  devices  to  date  require  optical  components  to  collimate  and  combine  the  symbology 
or  imagery  with  ihe  direct  view  of  the  outside  world.  This  can  take  the  form  of  a  glass  com¬ 
biner  in  front  cf  the  pilot's  eyes,  which  is  undesirable  in  the  event  of  a  crash  or  ejection, 
and  inposes  some  occultatio.j  of  the  pilot’s  view.  An  alternative  is  a  reflective  patch  on  the 
visor.  This  is  a  better  device  from  the  flight  safety  point  of  view  but  placer  restraints  or, 
the  optical  design  of  the  system.  One  of  the  features  required  of  a  helmet  mounted  display  is 
a  large  exit  pupil  or  port -hole  through  whicn  the  pilot  can  view  the  display . 

The  most  promising  technology  which  could  provide  the  solution  to  both  these  problems  is  holo¬ 
graphy.  A  holographic  visor  could  provide  a  very  efficient  method  nf  combining  tie  display 
with  t-ho  outside  world  view.  In  essence  a  hologram  may  be  regarded  as  having  optical  power  at 
a  specific  spectral  frequency  but  zero  power  at  ell  other  frequencies.  A  holographic  visor 
therefore  reduces  the  optical  elements  on  the  helmet,  sicr.i f  1  cantly  reducing  the  weight,  could 
provide  a  very  wide  field  of  view,  and  a  large  exit  pupil.  However,  at  the  moment  the  prob¬ 
lems  of  developing  a  hologram  compatible  with  a  curved  polycarbonate  visor  still  need  to  be 
solved. 

To  capitalise  on  the  above  developments  it  i s  important  that  the  pilot  can  aim  the  device  with 
accuracy.  Apart  from  the  pilot's  difficult  trucking  task,  the  weapon  system  must  be  given 
accurate  information  of  where  the  pilot  is  looking.  An  eye  point  of  regard  device  would 
assist  greatly  in  both  of  these  functions. 

N7G  developments  have  tended  to  be  directed  towards  improving  the  image  intensification,  auto¬ 
gain  control,  and  filtering  techniques  to  improve  the  perceived  image.  Recently,  more  atten¬ 
tion  is  being  paid  towards  reducing  the  rrvass  and  also  the  moment  of  inertia  by  minimising  the 
weight  of  the  objective  lens  and  integrating  lithium  batteries  within  the  goggles. 

The  trend  until  today  has  been  to  design  a  helmet  which  meets  the  basic  protection,  life 
support,  and  communicat ion  requirements,  and  add  on  the  new  devices  in  a  seemingly  ad  hoc 
manner.  The  complex  interactive  nature  of  the  devices  we  are  dealing  with  does  not  allow  us 
to  pursue  this  approach  any  further.  Specifications  for  the  weapons  and  avionic  systems  of 
aircraft  ore  being  written  in  a  'top  down'  manner.  Technology  has  now  placed  the  helmet 
firmly  in  the  'systems'  area  and  future  designs  should  reflect  this. 

The  trend  for  modern  helmets  and  helmet  mounted  equipment  must  bo  to  design  in  an  integrated 
manner.  The  shape  of  the  shell  must  not  only  be  designed  with  protection,  life  support  and 
communication  in  mind,  but  also  with  the  mission  equipment  high  on  the  list.  Work  13  underway 
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to  develop  a  hvlnat  da^i^ned  from  the  outset  with  Integral  NVGs,  HMD  and  HMS  in  addition  to 
standard  protection  and  life  support  capability es . 

Integration  must  bo  functional  as  well  as  physical.  If  the  functions  of  two  oi  more  devices 
can  be  integrated  into  ®  single  new  device  then  it  makes  sense  from  all  aspects  to  develop  the 
new  device.  Most  of  the  nwn -mounted  equipments  described  in  this  paper  require  electrical 
connections  which  must  be  routed  via  the  seat  to  the  aircraft  systems.  It  is  clear  that  the 
number  of  leads  must  be  kept,  to  a  minimum.  A  method  of  achieving  this  is  by  designing  equip¬ 
ment  to  operate  on  standardised  power  supply  rails.  There  seems  to  be  scope  for  a  form  of 
digital  data  bus  to  the  helmet  for  such  things  as  a  sight  and  a  head/eye  pointing  system. 

CONCLUSIONS 

Referring  back  to  the  list  of  poriormance  requirements,  the  reader  will  see  the  physical 
aspects  to  be  considered  in  designing  an  HMD.  The  trend  must  be  towards  reducing  the  size  and 
mass  of  the  devices,  whilst  at  the  same  time  inproving  their  optical  characteristics.  Higher 
brightness,  better  resolution  and  contrast  CRTs  contained  in  smaller  volumes  is  the  goal  to  be 
achieved . 

To  overcome  the  problems  of  operating  a  helmet  mounted  display  in  a  high  g  environment  without 
compromising  a  successfui  ejection,  designers  are  beginning  to  produce  hardware  capable  of 
meeting  many  of  the  requirement s .  Recent  developments  have  shown  that  it  is  no  longer  viable 
from  a  design  or  0[>erating  point  of  view  to  consider  the  helmet  and  helmet  mounted  devices  as 
separate  entities.  Woik  is  underway  to  produce  an  'integrated  helmet*  which  is  designed  irom 
the  outset  to  provide  protection,  conrnunication,  sensor  imagery  and  fl lght /systems  data  to  the 
pilot.  As  well  as  a  better  helmet  system  design,  the  likely  outcome  will  be  a  lighter  helmet 
assembly.  Specifications  are  being  written  which  call  for  an  inclusive  helmet  n«ass  of  the 
order  of  1.5  kg.  It  will  be  interesting  to  see  the  outcome. 

The  time  has  come  when  expert*  from  heretofore  serrate  disciplines  must  combine  their 
talents.  At  the  concept  stage  of  a  man  mounted  device  or  an  aircraft  project  the  optical 
designer,  the  weapons  systems  engineer,  the  mission  avionics  system  designer,  the  communi¬ 
cations  specialist,  the  human  factors  engineer,  the  aircrew  equipment  assembly  designer  and 
the  aeromedjcal  specialist  mu3t  all  collaborate  and  combine  their  talents  if  the  final  outcome 
i 5  to  be  a  success. 
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Fig  1  Mk  4  flying  helmet 
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Fig  3  Visual  target  acquisition  system  (VTAS) 
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PREVALENCE  OP  C-INUUCEC1  CERVICAL  INJURY  IN  U.S.  AIR  FORCE  PILOTS 


P.odger  D.  Vanderbeek,  Major,  USaF,  HC 
347th  Medical  Croup/SCP 
Moody  AFB,  CA,  U.S. A.  3U99 


SUMMARY 

Pilots  of  high  performance  aircraft  are  frequently  exposed  to  significant  accelerative  forces;  the  effect 
of  this  exposure  on  the  cervical  vertebral  column  is  an  unquantlfiPd  clinical  and  epidemiological 
problem.  This  report  present*  the  findings  from  a  period  prevalence  study  of  acute  reck  injury  secondary 
to  high  G  farces  in  U.S.  Air  Force  pilots.  A  sample  of  437  piloto  of  three  oifferent  fighter  uircraft  was 
surveyed,  and  the  data  is  stratified  and  analysed  to  test  the  strength  of  association  of  injury  prevalence 
with  pilot  age,  type  of  aircraft,  and  type  of  flying  environment.  Results  indicate  that  minor  injury  is 
common  In  Lhese  pilots,  and  that  higher  aircraft  performance  is  associated  with  increased  injury 
prevalence.  Increased  age  Is  associated  with  increased  prevalence  of  major  cervical  injuries.  Preventive 
strategies  may  be  helpful  in  reducing  Injury  frequency  and  in  avoiding  serious  injuries. 


INTRODUCTION 

The  performance  capabilities  of  current  high-performance  fighter  aircraft  have  greatly  expanded  since 
the  introduction  of  the  F-15,  F-16  and  F-16.  One  of  the  most  significant  advances  has  been  in  the 
capability  to  sustain  higher  positive  gravitational  forces  for  longer  periods  ol  time  ard  more  frequently 
In  all  flight  environments.  This  capability  exposes  the  pilot  to  a  significantly  more  severe  occupational 
stressor  than  that  of  previous  fighter-type  aircraft.  Several  studies  have  assessed  potential  adverse 
health  effects  from  this  high  "G"  environment  on  various  organ  systems  ( 1 , 2 , 3, 4, 5 ,6 , 7 , 8) .  Most  of  these 
studies  have  focused  on  the  neurologic,  cardiovascular  and  respiratory  systems,  with  particular  emphasis 
on  fatigue,  performance  deterioration,  vision  effects,  loss  of  consciousness,  coronary  blood  flow,  and 
cardiac  arrhythmias.  However,  few  studies  have  addressed  the  short  ci  long  term  effects  of  brief  or 
sustained  high  G  forces  on  the  musculoskeletal  system  <9,30,11 ).  There  are  ftCQuer.t  pilot  reports  of  neck 
strain  yet  little  data  exist  or.  the  possible  pathologic  effects  to  the  skeletal  system  of  humans  from  such 
exposures. 

Several  subcllnlcal  musculoskeletal  conditions  (Appendix  1),  predominantly  spinel  conditions,  were 
identified  in  a  U.S.  Air  Force  working  group  in  1979  (12';  it  was  postulated  that  these  conditions  would 
be  aggravated  by  high  sustained  +C.  Various  recommendations  were  made  by  this  workshop  for  added 
screening  exemr  to  detect  these  conditions,  and  to  revise  the  physical  standards  for  entry  into  pilot 
training  for  applicants  with  these  musculoskeletal  conditions.  However,  there  is  Insufficient  da'.c  to 
demonstrate  that  these  preexisting  musculoskeletal  conditions  have  resulted  in  increased  Injury  prevalence 
in  pilots  of  advanced  aircraft,  or  that  those  without  such  conditions  are  loss  likely  to  develop  spinal 
problems . 

The  giavllat  iviial  fortes  exerted  on  the  pilot's  body  may  be  applied  in  ar.y  oi  three  axes:  1)  the 
"fore-aft"  or  x-axis,  denoted  Gx;  2)  the  "left  Tight"  or  y-axis,  denoted  Gy;  and  3}  the  "head-foot"  or 
z-axis,  denoted  Gr,  In  the  high  G  environment,  the  x-  and  y-axca  are  not  significantly  stressed;  the  Gz 
axis  however  experiences  high  forces  in  the  positive  direction  (+Gz,  i.e.  from  head  to  foot),  up  to  +9c'r 
or  greater,  with  Much  smaller  forces  In  the  -Cz  direction  (rarely  exceeding  -2G's).  High  sustained  G  is 
dcfjned  as  greater  than  6  C's  for  15  or  more  seconds.  Advanced  fighter  aircraft  are  now  able  to  achieve 
and  sustain  high  <J  maneuvers  foi  lengthy  periods  under  certain  conditions,  and  structural  integrity  may 
not  he  a  consideration  until  levels  of  49G'a  or  greater  are  achieved.  This  high  G  environment  Is 
experienced  In  actual  combat,  In  frequent  training  missions  foi  simulated  aerial  combat,  arid  during 
advanced  aircraft  handling  maneuvers. 

The  portion  of  the  musculoske le ta 1  system  subjected  to  the  most  severe  stress  is  the  vertebral 
c >1 uraii.  Column  strength  is  reduced  with  flexion  or  torsion  movements  (9);  thus  the  neck  Is  particularly 
susceptible  to  injury  as  these  cervical  vertebrae  can  achieve  much  greater  departures  from  vertical 
alignment  than  can  lower  segments.  High  0  force3  combined  with  frequent  turning  and  til  tin,;  of  the  head 
amJ  neck  increase  the  potential  stresses  to  the  cervical  vertebrae.  The  weight  of  protective  headgear  and 
oxygen  equipment  add  to  this  stress.  Sea*,  back  angle  has  an  effect  In  the  dispersal  of  +G  forces  into  the 
Cx  axis  as  seat  back  Incline  is  increased.  However.  many  pi  lor;  report  t’rcf  thry  leer,  forward, 
par i icular 1 v  in  flexion  of  the  cervical  spine,  during  high  G  maneuvering  to  enhance  their  visual  search  or 
to  maintain  visual  sight  of  an  attacxer,  thus  negating  the  potential  benefir  of  the  increased  seat  angle 
to  the  cervical  vertebrae.  New  life  support  systems  are  reported  to  reduce  the  required  straining  effort 
by  507.  to  maintain  consc  1  uusneaa  at  high  +Gj  with  fuither  advances  in  the  support  of  the  pilot's 
cardiovascular,  pulmonary,  and  neurologic  systems,  the  cervical  vertebrae  .nay  become  the  high  G  "weak 
link"  in  the  human  system, 

There  are  frequent  anecdotal  reports  of  acute  neck  injury  in  .he  fighter  pilot  community.  Some 
pilots  tepori  a  Higher  frequency  of  neck  strain  in  advanced  fighter  aircraft  when  compared  with  older 
aircraft.  However,  there  are  no  published  reports  of  the  actual  prevalence  of  "everyday"  neck  Injuries, 
nor  of  their  character,  quality,  duration  or  sequelae.  Neck  injury  may  range  from  a  nlld  dull  ache  to 
pain  and  spasm,  or  may  present  as  a  debilitating  injury  with  sensory  and/or  motor  deficits.  Muscle  strain 
may  present  as  localized  neck  tenderness,  or  may  radiate  from  the  occiput  to  the  shoulders  or  the  area 
between  the  scapula*.  Spasm  may  or  may  not  be  present.  Cervical  nerve  root  injury  may  present  as  a  dull 
ache  or  pain  In  the  neck,  shoulder  or  arm,  or  may  be  described  as  a  numbness  or  tingling  in  the 
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distribution  of  the  affected  nerve,  extending  distally  to  the  hands  and  fingers.  In  severe  cases  reflexes 
may  he  diminished  end  there  may  be  impairment  of  motor  function  of  the  affected  upper  extremity, 

Certain  serious  injuries  can  be  documented  by  various  radiological  methods.  These  lesions  include 
fractures  of  the  vertebral  body  or  etch  and  herniated  Intervertebral  disks.  Milder  injuries  csnnot  always 
be  demonstrated  by  diagnostic  methods  and  are  referred  to  as  acute  cervical  syndromes.  These  are  defined 
a?  any  of  several  entitles  caused  by  IrritatLcn  or  compression  of  the  cervical  nerve  roots.  Several  types 
of  such  syndromes  are  recognized:  1)  muscle  pain  or  tenderness  with  or  without  radiation  into  the  back  or 
shoulders;  2)  muscle  spasm;  3)  tort icol 1 is - -a  more  severe  attain  with  contraction  cf  the  cervical  muscles 
producing  a  tuistlng  of  the  n**ck  and  a  resultant  unnatural  head  position;  4)  sensory  deficits 
(pare." thesias  cr  dysesthesias)  in  the  distribution  of  the  affected  nerve  root;  and  5)  motor  deficits,  with 
decreased  deep  tendon  reflexes  or  frank  impairment  of  coordination,  dexterity  or  movement  (13,14,15). 
Paresthesias  refer  to  the  symptoms  of  burning,  numbness,  tingling  cr  prickling,  Dysesthesia  refers  to  any 
sensory  impairment,  but  especially  touch. 

Many  pilot3  fail  to  seek  medical  attention  for  such  injuries  unle.s  there  is  an  impairment  of  flying 
abilities.  Thus,  many  cases  are  not  reported  to  tne  medical  community.  There  are  only  «  few  documented 
cases  of  cervical  spine  injury  with  either  vertebral  fractures,  herniated  nucleus  pulposus,  or  ligamentous 
tear  secondary  to  high  G  exposure  (16).  It  Is  probably  still  too  early  to  ascertain  whether  or  not 
chronic  G  exposure  leads  to  any  long-term  disability. 

Thus,  neck  injury  and  its  sequelae  remain  an  unquantified  clinical  and  epidemiological  problem  in 
pilots  exposed  to  high  G  forces.  The  purpose  of  this  study  is  to  describe  the  period  prevalence  of  this 
occupational  injury.  Types  of  injuries  are  described  and  classified.  Comparisons  arc  made  between  the 
prevalence  of  injury  by  type  aircraft,  pilot  age,  and  type  oc  flying.  The  study  may  facilitate  future 
assessment  of  occupational  risk,  and  may  direct  research  towards  improved  C  protection  for  the 
musculoskeletal  system  of  exposed  pilots.  This  data  may  have  implications  for  human  factors  design  of 
even  more  advanced  future  combat  fighter  aircraft.  Can  nan  tolerate  stresses  In  the  Gz  axis  of  +  I0g  or 
more?  What  Is  the  operational  tolerau  e  of  the  human  cervical  spine?  These  questions  need  to  be 
addressed;  this  study  nay  be  a  useful  step  towards  finding  the  gnawers. 


METHODS 

An  anonymous  survey  questionnaire  was  utilized  to  collect  the  data  fer  this  descriptive  period 
prevalence  study.  First  the  survey  form  was  described  and  explained  uniformly  to  all  participating 
pilots,  then  the  questionnaires  were  distributed  and  collected  after  ample  time  was  afforded  to  complete 
the  form.  Anonymity  and  confidentiality  were  highly  stressed.  Specific  data  collected  included  the 
number  and  type  of  neck  Injury  by  Lime  period,  pilor  age  and  flying  experience  by  type  aircraft,  total 
flying  hours,  crew  position,  and  type  of  flying  currently  performed  (operational  or  training 
environment).  History  of  any  prior  traumatic  veitebial  Injury  was  also  Identified. 

Presence  or  absence  of  neck  Injuiy  is  the  dependent  variable,  and  is  quantified  as  the  numerator  by 
the  number  of  pilots  with  at  least  one  acute  cervical  Injury  In  the  time  period  specified.  The 
denominator  is  the  population  at  risk,  l.e.  all  C  exposed  pilots  for  each  of  the  sample  strata.  Injury 
may  be  further  subdivided  into  "major"  and  "ninor",  with  the  more  severe  injuries  presenting  with  distaL 
upper  extremity  symptoms.  In  addition,  "major"  injuries  could  be  expected  to  potentially  compromise 
flying  safety  by  adversely  affecting  aircraft  control. 

The  data  do  not  include  individuals  with  a  prior  history  of  vertebral  fractures  or  herniated  disks. 
Those  with  chronic  cervical  syndromes  were  also  excluded  from  the  analysis.  The  data  allows  for 
qi.antlf lention  of  the  number  of  cases  in  each  period,  as  some  pilots  have  more  than  one  injury  pet  period; 
this  may  warrant  further  study  into  types  r.f  pilots  who  seer,  more  susceptible  to  recurrent  inju’-y  than 
others,  however  It  is  not  addressed  in  this  study. 

The  potential  for  survey  bias  exists,  and  several  factors  were  considered  (17).  Anonyr.ilty  was  very 
highly  stressed,  and  the  questionnaire  was  kept  simple,  straightforward,  and  brief.  The  selection  of  air 
bases  for  the  survey  is  considered  unbiased,  as  the  type  of  flying  at  each  base  with  similar  aircraft  is 
considered  to  be  essentially  identical.  Sex  is  not  a  consideration  aince  all  pilots  surveyed  were  maLe. 
Headgear  ir  not  a  factor,  as  all  U.S.  Air  Force  pilots  wear  similar  helmets  and  oxygen  equipment  of  very 
similar  weights.  All  pilots  entering  Into  Air  Force  pilot  training  meet  the  same  physical  examination  and 
screening  standarda,  and  selection  for  type  of  aircraft  is  not  dependent  upon  physical  criteria. 
Selection  is  based  on  academic  and  flying  skills  performance  In  pilot  training,  and  these  are  not 
considered  to  be  biases  that  might  aifect  future  potential  for  acute  cervical  injuries.  Recall  bias  was 
minimized  due  to  the  type  of  date  requested  on  the  questionuoirc ,  and  due  to  the  short  recall  intervals 
addressed.  A  pilot  may  have  difficulty  recalling  the  exact  number  of  acute  injuries  over  a  specified  time 
period,  but  the  relevant  finding  was  any  neck  injury  in  the  period  studied. 

The  period  prevalence  ratio  Is  determined  by  dividing  the  number  of  current  cases  In  the  period  by 
the  number  at  risk  for  each  sample  (18).  A  current  case  is  defined  as  a  pilot  who  had  at  least  one  neck 
injury  secondary  to  high  G  force  exposure  in  the  time  period.  Populations  sampled  and  analyzed  included 
pilots  from  both  an  operational  and  a  training  wing  for  each  of  three  aircraft  (t-5,  F-15,  and  F-lb). 
Expected  number  of  pilots  available  for  s-rvey  at  each  wing  ranged  from  50-80  for  each  type  aircraft; 
actual  numbers  sampled  exceeded  this  prediction,  ranging  from  58  to  121  pilots  at  the  various  wings. 

Data  for  the  3-month  periods  are  first  analyzed  using  the  CATHOD  Procedure  of  the  Statistical 
Analysis  System  (saS),  with  Type  of  Aircraft,  Age  Group,  and  Type  of  Flying  as  the  independent  variables, 
and  Severity  of  Injury  as  the  dependent  variable  (19).  These  data  are  then  arranged  into  BXC  tables  for 
the  various  sample  strata,  then  testing  for  significance  with  Chi  square  teats  with  (R-l)(C-l)  degrees  of 
freedom  (20).  Significance  Level  is  set  at  p  <  0.05.  Data  for  a  3-month  period  was  selected  fur  analysis 
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foi  two  teason.i:  1)  recall  of  Injury  experience  over  this  time  period  should  be  reasonably  accurate;  and 
2)  three  months  of  flying  is  likely  to  assure  frequent  exposutc  to  high  C  missions. 

G  exposure  is  a  quantity  that  must  be  considered  in  assessing  occupational  risk.  Duration  and 
frequency  of  exposure  to  the  various  C  levels  differs  among  the  aircraft  and  with  the  type  of  flying 
encountered.  For  example,  the  operational  flying  environment  may  involve  more  high  G  missions  than  does 
the  training  environment.  Experienced  pilots  may  use  less  G  In  their  air  combat  maneuvers  than  pilots 
with  fewer  hours  of  training.  Gillingham  et  el  (21)  provided  one  analysis  comparing  the  G--?nvi ronments  cf 
four  fighter  aircraft.  His  study  demonstrated  that  the  F-16  tends  to  expose  the  pilot  to  C  forces  more 
frequently  and  to  a  higher  degree  than  the  F-Ij,  and  the  F-15  noreso  than  the  f-5. 


RESULTS  AND  DISCUSSION 

According  to  data  from  the  Ail  Force  Military  Personnel  Center,  at  the  time  cf  this  survey  there  were 
3125  active  pilots  in  the  T-5,  F-15,  and  F-16.  The  survey  sample  size  of  *<37  pilots  thug  comprises 
approximately  147.  of  the  population.  At  the  three  bases  visited,  the  total  number  of  assigned  pilots  Jn 
the  three  aircraft  was  590;  thus  the  437  in  the  sample  constituted  747,  of  nil  pilots  assigned,  and  an  even 
higher  percentage  nf  those  available,  as  some  pilots  were  on  leave  or  performing  other  required  dulies. 

All  pilots  sampled  In  the  sutvey  were  male  The  mean  age  for  pilots  surveyed  was  31.5  years  (range 
23-47) ,  vlth  mean  total  flying  hours  of  1,69.  tAnge  180-4,700).  In  the  aircraft  cuirenlly  flown,  the 
mean  tine  in  the  aircraft  was  2.7  years  and  515  flying  hours  (range  0.1-12  y-?ais,  10-1,850  flying  hours). 
Pilots  at  training  bases  were  older  and  had  more  total  flying  hours  than  those  at  operational  flying 
bases.  Peiiod  prevalence  rating  are  shown  in  Table  1.  The  ratio  shows  the  percentage  of  all  pilots  who 
experienced  at  least  one  acut.  neck  injury  secondary  to  high  C  forces  In  the  period  listed.  Also  shown 
are  th'-  prevalence  ratios  for  mAjor  neck  injuries  In  the  same  periods. 


TABLE  1.  rF.RlOD  PREVALENCE  RATIOS  (ALL  PILOTS,  ALL  AIRCRAFT ;  n  «  4j7) 


Tine  Period 

Past  Month 

Past  !  Months 

Fast  Year 

Arty  Neck  Injury 

30 .  o% 

50.67. 

6  3 . 67. 

Major  Neck  Injuries 

4.37. 

8.77. 

11.27. 

The  complete  3  month  injury  data  are  shown  in  Tabic  II  for  reference.  Filotf  with  major  injuries  in 
the  period  may  have  had  minor  injury  as  well,  but  such  individuals  are  listed  only  once  in  the  column  for 
major  injury.  Those  listed  as  having  minor  injury  had  on  l  y  n.lnoi  injuries  in  the  per«od. 


TABLE  II.  NECK  INJURY  PAST  3  MONTHS,  BY  TYPE  AIRCRAFT,  ACL  CROUP,  TYPE 


OF  FLYING,  AND  INJURY  SEVERITY. 


Type 

Age 

Type  of 

Severity  of  Injury 

Aircraft 

Croup 

FlyltiR 

Ma  lor 

Minor 

None 

Total 

F-5 

20-29 

Ope  ra  t ion« 1 

0  (07.) 

1  (77.) 

In  (9)7.) 

1  5 

Tra Ini ng 

c  (0) 

2  (29) 

5  (?1) 

7 

30-34 

Operat  tonal 

0  (0) 

7  (32) 

15  (68) 

22 

Training 

1  (6) 

1  (54) 

5  (38) 

13 

35+ 

Operational 

1  Ol) 

1  Ol) 

7  (78) 

9 

Tra ining 

1  ill) 

2  (22) 

6  (67) 

9 

F-15 

20-29 

Ope  ra  r iona l 

1  (2) 

15  (36) 

ToTbT) 

42 

Tra ining 

2  (5) 

17  (44) 

20  (51) 

39 

30-34 

Operational 

0  (0) 

9  (56) 

7  (44) 

U 

Training 

t  <?> 

l<>  (55) 

11  (38) 

29 

3  5* 

Operational 

0  (0) 

6  (62) 

5  (38) 

13 

Tra ini ng 

4  (17) 

9  (39) 

10  (43) 

23 

F  •  16 

20-29 

Operational 

1  <3) 

22  (61) 

13  (36) 

36 

T  raining 

7  (14) 

23  (46) 

20  (40) 

50 

30-34 

Operational 

1  (5) 

10  (45) 

11  (50) 

22 

Tie ining 

6  (17) 

12  (34) 

17  (49) 

35 

35+ 

Operat i onal 

3  (14) 

10  (48) 

8  (38) 

21 

Training 

8  (22) 

12  (33) 

16  (44) 

36 

The  calegorlal  analysis  (CATHOD)  of  these  date  gave  no  indication  of  significant  1st  or  2nd  order 
interactions  among  the  three  factors  (Type  ol  Aiirrait,  Age  Group,  Type  of  Flying).  However,  all  three 
mAin  effects  were  statistically  significant.  Consequently ,  each  factor  is  analyzed  in  more  detail  below. 
In  each  rase,  analysis  is  viewed  from  two  perspectives:  any  injui,  vs.  no  injury;  major  injury  only  vs. 
all  otliets.  Chi  square  testing  ig  shown  below  tables  III  thru  VI.  Ir.  Table  III,  severity  of  injury 
within  the  past  3  months  Is  stratified  by  type  of  aircraft.  This  table  demonstrates  a  statistically 
Significant  trend  in  frequency  (F-15  and  F-16  >>  F-5)  and  in  severity  (F-16  >  F-15  or  F-5).  Th«  data 
support  n  hypothesis  that  neck  Injury  is  more  prevalent  in  the  F-16  and  F-15  then  In  the  loss  G-capable 
F-5,  and  that  major  injury  is  mote  prevalent  in  the  F-16  than  in  the  F-15  or  F-5.  This  is  consistent  with 
the  hypothesis  that  as  aircraft  performance  capability  increases,  so  dues  Luc  potential  G  expo:  ire  and 
Consequently  potential  G-induced  Injury. 


'  r«  *1  V-  '■  . 


TABLE  III.  NF.O.  INJURY,  PAST  3  HON  IMS,  BV~TYPF.  AIRCRAFT  AND  SEVERITY 


■  - 

r-5 

F-15 

F- 16 

Total 

Majut  Inlury 

3  (  4.07.) 

■>  (  5.61) 

26  (1  3.07.) 

38  (  8.  /7.) 

Minoi  Injury 

20  (26.77.) 

(45.77.) 

89  (44.67.)  | 

1P3  (41.97.) 

No  Injury 

52  (69.37.) 

79  (48.77.) 

85  (42.57.) 

216  (49.47.) 

nl  -  75 

n2  “  162 

|  n3  -  200 

|  n  -  437 

2x2  CM  square  tests: 

Major  vS .  Minor  +  No  InJurj :  F-15/F-16,  p  <  0.025 
:  F-3/F-lf.  |  <  0.05 
:  F-5/1-15,  N.S. 

Any  Injury  \FUjoi  +  Minor)  vs.  No  Injury:  F-5/F  ’5,  p  '  0.O05 

:  F-5/K-16,  p  <  0 .0005 
:  F-15/F-16,  N.S. 


Tables  IV  and  V  show  d3t«  for  n»  ck  injury  in  » he  past  3  months  tabulated  according  to  Injury 
severity;  Table  7V  stratifies  the  pilots  into  age  groups,  uhlle  Tabic  V  stratifies  by  type  cf  flying 
environment  (operational  or  training). 


TABLE  IV.  Nf  CK  IML'RY  PAST  3  MONTHS,  BY  SEVERITY  AND  ACE  CROUP  (N°4  3/~) 


Ago: 

20-29 

1 

30-34 

354 

Major 

Minor 

No 

Injury 

Injury 

Injury 

I 

1L  (5.8".) 
80  (42.37.) 
98  (51-97.) 

10  (7.37.) 

61  (44.57.) 

66  (4S.27.) 

l7  (15.37.) 

42  (37.87.) 

52  (46  87.) 

nl  =*  189 

n2  -  137 

n3  -  111 

2x3  CM  square  tests: 

Major  vs.  Minor  ♦  No  Injury,  p  <  0.025 

Any  Injury  (Major  t-  Minoi)  vs.  No  Injury,  N.S. 


TABLE  V.  NECK  INJURY  PAST  3  MONTHS,  BY  SEVFRITY  AND  TYPE  OF  \  LYING 


Opera t iona l 

Training 

Majot  Injuty 

7  (3.67.) 

31  (12.97.) 

Minor  Injury 

83  (42.37.) 

100  (  41.57.) 

No  Injuty 

106  (54.17.) 

110  (45.67.) 

j  nl  rn  196 

n2  ■  24i  >■  -  43? 

2x2  chi  square  tests: 

Major  vj.  Minor  +  No  Injury,  p  <  0.005 

Any  Injury  (Hajoi  +  Minor)  vs.  No  Injury.  N.S.  (p  <  0.10) 


The  data  in  Tables  IV  and  V  reveal  the  following:  I)  major  neck  Injury  appears  to  be  more  prevalent 
age  ltn-ieuics  i  and  2)  major  Injury  appears  ’o  be  more  p*r\ n 1 eit  at  training  (RTln  fighter  bases  uhilc 
fninoi  injuries  art  evenly  distributed. 


TABLE  VI  .  "IK  YOU  FLEU  PREVIOUS  F1CHTEF  AIRCRAFT,  HOV  DOES  TtiV  CURRENT 


AIRCRAFT  COMPARE  WITH  RESPECT  TO  G-INPUCED  NECK  INJURIES?" 


- - - 1 

F-5 

1 

F-15 

F-15 

Total 

More  frequent 
and/or  severe 

9  (  307.) 

19  (37.37.) 

69  (71.17.) 

9  7  (54.57.) 

Same  frequency 
or  severliy 

21  (707.) 

29  (56.87.) 

26  (26.67.) 

76  (42.77.) 

Le 9S  krequent 
and/or  severe 

0  (07.) 

3  (5.97.) 

2  (2.17.)  ! 

5  (  ?  •  87.) 

nl  -  30 

n2  -  5? 

n3-97  ' 

:i  -  178 

3x3  Chi  square  test  for  independence,  p  <  0.0005 
3x2  testing:  F-15/F-16,  p  <  0.0005 
:  F-5  /F-lb,  p  <  0.0U05 

i  F-5  /F-15,  N.S. 
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A  final  comparison  la  shown  In  Table  VI.  Of  th*  437  pilots  surveyed,  1 7 8  had  previous  flying 
experience  In  other  fighter  aircraft  (F-5,  F-4,  A-10).  The  table  displays  the  findings  by  type  aircraft 
and  by  whether  the  current  aircraft  gave  the  pilot  more,  the  sam®,  or  lesser  neck  Injury  (either  by 
frequency,  severity,  or  both)  than  the  previously  flown  aircraft.  The  findings  In  Table  VI  support  a 
hypothesis  that  neck  injury  subjectively  is  more  frequent  or  more  severe  in  the  F-16  than  In  oilier  fighter 
aircraft;  very  tew  pilots  reported  that  current  Injuries  are  less  frequent  or  less  severe  when  compared 
with  their  previous  aircraft. 

Space  for  additional  comments  was  provided  on  the  reverse  of  the  survey  form.  Several  commented  on 
the  Importance  of  frequent  flying,  and  that  a  long  layoff  from  high  0  exposure  seemed  to  lead  to  an 
increase  in  Injury  susceptibility.  F-16  pilots  tended  to  add  more  notes  than  other  pilots;  the  following 
are  five  such  comments: 

"I  freqeuntly  have  sot?  neck  when  flying  BFM,  usually  from  looking  back;  I  haven't  had 
problems  as  severe  since  I  learned  not  to  move  my  head  while  pulling  over  6-7  G's." 

"I  think  a  good  warm  up  before  flying,  and  not  moving  head  above  6  C.' s  are  a  key." 

"I  hate  to  fly  similar  F-16  vs.  F-16  because  of  the  physical  demands.  I  worry  about 
neck  injury  on  all  air  to  air  sorties. " 

"Exercise  &  training,  diet,  rest  seem  most  important  factors  in  reduce/preventing  injuries..." 

"In  this  jet,  you  need  to  loosen  up  nock/back  prior  to  flying  high  G  sorties, 

If  1  dc  this  reJlgiously,  problems  ore  reduced  greatly." 

Only  81  pilots  completed  the  space  on  the  survey  for  "most  likply  h^ad  position  at  the  time  of 
injury".  Of  these,  about  half  said  they  were  moving  their  head  under  G  loads,  and  half  said  they  were 
looking  back  over  either  shoulder  "checking  six". 


CONCLUSIONS 


The  main  objective  of  this  study  was  to  determine  the  prevalence  of  acute  cervical  injury  in  pilots 
exposed  to  high  C  forces.  Injury  prevalence  was  expected  to  be  higher  in  the  advanced  fighters;  this 
hypothesis  is  supported  by  the  data.  The  high  percentages  may  surprise  some  readers,  but  did  not  surprise 
the  author  who  had  been  at  an  F-15  and  F-16  training  base  for  one  year  as  a  flight  surgeon.  Anecdotal 
information  suggested  a  common  occurence  of  neck  injury;  the  survey  lota  support  this  Impression,  with 
nearly  half  cf  all  pilots  reporting  some  degree  of  neck  injury  in  the  prcv*cus  3-r.0i.th  pciiod  and  nearly 
97.  reporting  significant  injury  In  this  same  period. 

There  are  ether  significant  findings  in  this  study.  The  F-16  appears  to  induce  more  i reqnent  and 
more  severe  injury  than  do  the  other  aircraft;  increasing  age  appears  tit  place  one  at  higher  risk  of  najot 
Injury;  and  major  injuries,  particularly  In  the  F-J6,  are  more  prevalent  at  training  bases.  These 
findings  could  be  explained  by  several  theories.  There  may  in  fact  be  a  higher  G-cxposurc  ip  the  F-16; 
there  nay  be  an  increased  suscept ibi 1 i iy  to  major  injury  with  increasing  age;  and  an  older  pilot 
population  at  the  training  bases  might  explain  their  hlghc.  prevalence  of  major  injury.  Another  possible 
explanation  for  the  higher  prevalence  at  training  bases  is  the  mix  cf  an  oLder  more  susceptible  instructor- 
population  combined  with  a  younger  less  experienced  student  population  that  has  not  yet  learned  how  to 
avoid  injury  in  the  cockpit. 

Long  term  cohort  studies  arc  needed  to  assess  any  chronic  ill  cftccts  from  repeated  exposures.  Tin 
Belgian  and  Butch  cervical  spine  X-ray  Screening  programs  and  follow-up  for  F-16  pilots  ray  provide  some 
information  in  this  regard  (22,23).  Cculd  there  be  a  degenerative  effect  (such  as  cervical  arthritis)  on 
the  cervical  spine  from  repeated  G  exposures,  even  in  the  absence  of  fracture  oi  disk  herniation?  Are 
repeated  exposures  cumulative?  Are  we  at  the  edge  of  human  tulerai  -'e  with  present  C  exposures,  t>r  1  c 
there  more  "C-room"  in  which  to  expand  without  risk  of  long  term  injury?  Will  enhanced  C- tolerance 
technology  for  maintaining  consciousness  (positive  pressure,  breathing,  tactical  life  support  systems) 
expose  the  cervical  spine  as  che  weak  link  in  the  human  system? 

Until  further  research  is  conducted,  pilots  need  to  be  made  aware  of  the  potential  for  injury  and  of 
the  importance  of  preventive  measures-  These  measures  might  include:  1)  a  modest  ner.k  exercise  program; 
?)  neck  stretch.ng  or  "G  warmup"  in  the  cockpit  prior  to  n  high  G  mission;  3)  gradual  return  to  high  G 
missions  after  a  layoff;  4)  n.inimlzc  movernc!!’  of  the  neck  under  high  r,  loading;  5)  maintain  good  nutrition 
and  fly  well  rested,  and  6)  maintain  good  grneral  physical  condition.  Design  iestar'-li  needs  to  be 
continued  to  assess  any  preventive  effect  from  increasing  seat  back  angle,  with  Gz  forces  directed  mote 
into  the  pilot's  Gx  axis,  finally,  cervical  support  systems  may  be  essential  if  Hilvnncert  tactical  fighter 
aircraft  are  designed  to  be  capable  of  sustained  performance  levels  of  +10  Gi  or  greater. 
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Append  I  % _ i 

Musculoskeletal  Conditions  Thought  to  tie  Aggravated  by  High  Sustained  c 


1.  Cervical  Dcgencral 1 ve  Joint  Disease 

2.  Lumbosacral  Degenerative  Joint  Disease 

3.  Spondylitis 

4 .  Spondy lolysl 3 

3.  Spondylolisthesis 

f>.  Scheuermann's  Pisfc«.%r  (Kyphosis) 

7.  Prominent  hordes  Is  or  Kyphosis 

8.  Kllppel-Frll  Anomaly  (Congenital  Short  Neck) 

9.  Sprengel's  Anomaly  (Congenital  High  Scapula) 

JO.  Ankylosis 

11.  Schmort's  Nodes 

12.  Hypertrophic  Transverse  Process  L-5  Articulating  with  the  Ilcun 

13.  Hemivertebra 
Js.  Spina  Bifida 

15.  Spinal  c.anol  Stenosis 
lb.  1-5  sac ral i za t ion 

]7.  Lumbar  izat  ion  of  First  Sacral  Vertebrae 
IS.  Rad \olog i ca I  Evidence  of  Basal  Impression 

19.  Cervical  Ribs 

20.  Scoliosis 

21.  Intraspongy  Nuclear  Herniation 

22.  Significant  Comparison  or  Height  Loss  of  any  Vertebral  Body 


Source  *  Proceedings  of  the  I'SAF  Multidisciplinary  Workshop. 

Ed.  BonfilU  lil,  Delia  1 1  RM.  3-5  April  1979,  p.  20. 
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’NON -EJECTION  NECK  INJURIES  IN  HIGH  PERFORMANCE  AIRCRAFT' 


David  G.  SChall,  MD,  MPH 
Lt.  Col.,  USAF  MC.  SFS 
Dopl .  of  Otolaryngology 
Hoad  and  Nock  Surgery 
University  of  Nebraska 
Medical  Center 
42nd  and  Dewey 
Omaha,  NE  68105 


ABSTRACT 

The  potential  for  Significant  neck  injuries  exists  in  today's  high  performance?  fighter  aircraft.  The 
G-load3  required  to  produce  injury  need  not  be  excessive,  nor  is  experience  level  necessarily  protective. 
Eight  cervical  spine  injury  cases,  due  to  or  aggravated  by  «-gz  in  F-15  ann  F-16  aircrew  members  are 
reviewed.  These  include  two  compression  fractures  {C5/C7),  three  left  HNF's  ) ,  one  fracture  of 

the  spinous  process  (Cy),  one  interspinous  ligament  tear  (05^7) ,  and  one  myofascial  syndrome  (C^). 
Mechanisms  of  injury  and  evaluation  are  discussed.  Exercise  conditioning  may  play  an  important  role  in 
prevention  and  protection.  The  rcle  of  screening  x-rays  and  improving  equipment  regain  as  areas  where 
further  work  needs  to  be  done. 


The  Introduction  of  the  F-15  Eagle  to  the  USAF  Tactical  Air  Command  jn  1974,  and  the  F-16  Fighting 
Falcon  5  years  later,  heralded  a  new  generation  of  high  performance  fighter  aircreaft  with  significantly 
enhanced  performance  capability.  Compared  to  previous  generation  fighter  aircraft  such  as  the  F-*i  Phantom 
II,  the  F-16  has  twice  the  turn  rate  and  uses  half  the  turn  radius.  This  enhanced  ability  to  produce 
abrupt  onset  high-G  iO&ds,  a3  well  as  to  sustain  them  at  higher  levels  than  previously  experienced  in  older 
aircraft,  presents  an  additional-  stress  to  the  cervical  spine.  If  the  head  weighs  3.5-5kg  (1)  with  1.8-2. .? 
kg  oT  headgear  added,  static  load  equivalents  of  48-65  kg  are  generated  at  -4y  Gz.  The  cervical  spine  is 
capable  or  sustaining  axial  loads  of  up  to  91  kg  without  difficulty,  as  evidenced  ty  native  Africans  who 
carry  loads  of  prodjee  on  their  heads  on  a  daily  basis  (2). 

F'ghtcr  aircraft  operate  in  a  dynamic  environment  that  often  requires  a  nearly  constant  vigil  of  all 
sectors  surrounding  the  aircraft.  Abrupt  G  loading  in  a  defensive  or  offensive  maneuver  frequently  applies 
a  significant  load  to  the  cervical  spine,  in  an  other  than  axial  direction.  Tina,  in  turn,  can  cause  loss 
or  head  control  or  failure  of  a  musculoskeletal  component  of  the  cervical  spine.  It  has  been  noted  that 
flexion  and  extension  injuries  are  produced  at  approximately  501  of  the  load9  which  cause  axial  compression 
failure  (3). 

The  problem  of  neck  injuries  sustained  within  tr,c  cockpit  environment  is  not  a  new  one  Pnillips  in 
3  959  (4)  described  a  student  pilot  who  suffered  an  acute  flexion  Injury  to  the  neck  during  a  -»9  Gz 
emergency  pullout  In  an  AP-4.  The  student  recovered  and  landed  the  aircraft,  but  several  hours  later  pre¬ 
sented  with  ataxia.  The  etiology  was  never  clearly  established  but  was  thought  to  te  a  cerebellar  con¬ 
tusion.  Neck  injuries  have  a'jv  been  described  from  contact  with  the  canopy  in  flight,  resulting  in 
fractures  of  multiple  cervical  vertebrae  and  Incapacitation  cf  the  crewmember  (5).  Recently,  a  compression 
fracture  of  Cg  was  described  in  a  flight  surgeon  from  the  Royal  Norwegian  Air  Force  in  an  F-16B  during  an 
abrupt,  sustained,  high-G  defensive  maneuver  (6). 

CHbb  KfaPUMb 

The  following  cases  present  9  spectrum  of  non -ejection ,  non-impact  cervical  spine  Injuries  due  to  4-G2 
loading  in  high  performance  aircraft  pilots.  All  had  a  negative  history  for  ejection  or  prior  reck  injury 
unless  stated  otherwise.  Most  had  participated  in  a  variety  of  collegiate  sports  from  football  to  pole- 
vaulting. 

Case  1.  Compression  Fracture  of  C7 

Patient  a  was  a  27  year  old  white  male  F-15  student  pilot,  100  cm  tall,  weighing  68  kg,  with  «  thin 
build.  He  previously  had  been  a  T-37  instructor  pilot  and  accumulated  1,100  hours  (h)  total  fiying  time. 
Equipment:  Helmet  and  mask  used  was  a  HGU-26P/MBU-5?  (1.9kg)  fitted  with  Velcro  pads  only  (not  custom  fit). 

Mission:  Neutral  basic  fighter  maneuver  (BFM)  proficiency  ride. 

Discussion:  The  student  was  flying  the  3nd  engagement  of  a  head-on  neutral  BFM  attack  on  a  hazy  after¬ 
noon  and  wa3  having  difficulty  with  target  acquisition.  Visual  Identification  of  the  opponent  occurred 
late,  Just  prior  to  the  merge.  A  diving  6-G  attack  was  initiated.  The  aircraft  quickly  oversped  in  the 
vertical,  with  the  student  rapidly  approaching  the  floor  of  their  altitude  block.  The  instructor,  in  the 
other  aircraft,  commanded  tne  student  to  perform  a  tighter  pullout,  which  he  initialed.  However,  at  9  G 
the  31'viuCr  t  '-'50  ur.sblc  tc  bio  head  ir:  cr.  upright  poci-l-n  2nd  it  abruptly  n  ►>  t  *>  nhpit 

where  it  remained  through  the  completion  of  the  pullout  (Fig.  1).  The  student  experienced  a  sharp  pain  in 
the  posterior  base  of  the  neck,  but  was  able  to  recover  the  aircraft  without  further  difficulty.  The 
mission  was  terminated  and  the  return  to  base  (RTB)  was  uneventful.  Neck  sorenao3  persisted  post-flight, 
which  the  student  treated  with  an  external  analgesic  rubbing  compound.  He  noted  no  neurologic  symptoms. 

The  following  day  the  student  flew  four  engagements  and  repeatedly  experienced  sharp  neck  pain  above  4 
G.  He  saw  the  flight  Surgeon  (FS)  after  the  mission,  who  diagnosed  a  cervical  muscle  strain  and  prescribed 
analgesics  and  muscle  relaxents .  The  medication  caused  nausea  and  vomiting  and  the  patient  returned  the 
following  day.  Osteopathic  manipulation  was  then  performed  and  the  medication  was  changed .  Feeling 
better,  he  wa®  returned  to  flying  status  (RTFS)  3  days  later.  The  next  qay  he  flew  e  mission  to  5  G  which 
caused  significant  pain  and  muscle  spasm.  C-splne  x-rays  showed  a  221  compression  fracture  cf  C7  (Fig. 

2).  A  bone  scan  performed  7  days  after  the  initial  injury  showed  uptake  at  Cy  (Fig.  3).  The  patient  was 
placed  in  a  Philadelphia  oollar  for  6  weeks,  followed  by  a  soft  collar  for  3  months.  The  patient  no  longer 
desired  to  fly  high  performance  aircraft,  and  was  RTFS  with  an  Air  Force  Category  I1B  waiver  (tanker, 
transport,  bomber  aircraft — no  ejection  seat).  He  has  had  r.o  further  problems. 


'[ ,vv ' 


1 


Casa  2.  Mild  Compression  Fracture  of 

Fat  lent  B  waa  a  29  year  old  while  male  F-13  Instructor  pilot  (IP) /tighter  Weapons  School  (FWS)  gra¬ 
duate,  163  cm  tall,  77  kg,  with  a  muscular  build.  He  had  1,130  hours  total  flying  experience  which,  except 
for  undergraduate  pilot  training  (Ui'T),  was  all  in  the  F-i$. 

Equipment:  Helmet  and  mask  used  was  a  HGU-68P/MBU-1 21*  (custom  fit). 

Mission:  Defensive  BFM. 

Discussion:  Thu  Incident  occurred  during  the  fir3t  1  vs.  1  engagement,  with  the  mishap  IP  in  the  lead 
F-10.  The  student  waa  positioned  in  a  low  3:30  o'clock  position  relative  to  the  IT’s  aircraft  (the  nose  of 
the  aircraft  Is  12  o’clock,  the  tall  6  o’clock).  The  Instructor  began  a  6.3  G  descending  lefi  break  turn 
away  from  the  student,  moving  the  studcnf-S  aircraft  to  a  high  7  o’clock  position  on  the  mishap  pi  lot’s 
canopy.  The  instructor  moved  his  head  during  this  turn  from  a  right,  downward  gaze  to  a  left  upward  gaze. 
During  this  transition,  at  the  midpoint  of  rotation,  his  neck  became  "locked. ”  The  Instructor,  not  about 
to  be  defeated  by  a  student,  immediately  forced  his  neck  through  this  resistance,  experiencing  some  e-epl- 
tus  and  pain  in  tho  posterior  neck.  No  neurologic  symptoms  were  noted.  The  mishap  IP  flew  two  more  enga¬ 
gements  and  repeatedly  experienced  pain  on  G  loading.  C-splne  x-rays  showed  a  10%  compression  fracture  of 
Cjj  (Fig.  h).  A  bone  scan  showed  uptake  at  (Fig.  5).  The  patle-  was  treated  with  a  Philadelphia 

col 1  ar  for  0  weeks,  a  soft  collar  for  weeks,  followed  by  physical  nerapy  and  neck  conditioning  exor¬ 
cises.  He  waa  RTFS  3-b  months  later.  Ho  has  had  no  further  problems,  and  is  still  flying  the  F-1$. 


Case  3.  C(,_7  Interspinous  Ligament  Injury 

Patient  C  was  a  21*  year  old  white  wale  F-lb  student  pilot.  l88  cn  tall,  86  kg,  with  a  lean  build.  He 
had  a  total  of  3^0  hours  flying  time. 

Equipment:  Helmet  and  mask  used  was  a  HGU-26P/MBU-3P  (custom  fit). 

Mission:  Defensive  BFM. 

Discussion:  The  student  was  flying  the  fifth  engagement  of  a  defensive  bFM  mission.  He  suffered  a 
neck  strain  while  checking  his  3  o'clock  position  over  his  right  shoulder  at  a  G  load  of  approximately 
4.5-5.‘>  G.  He  experienced  mild  soreness  after  the  flight,  but  did  not  3eek  medical  attention,  he  played 
volleyball  that  evening,  and,  while  performing  a  right-handed  overhand  spike,  experienced  an  exacerbation 
Of  his  neck  pain  during  the  fol low-through  motion.  The  following  morning  he  bad  further  pain  and  spasm, 
with  slight  paresthesia  in  the  right  arm.  This  resolved  in  <i8  hours.  Cervical  spine  x-rays  showed  a 
widened  Cg_7  interspinous  ligament.  (Fig.  6).  He  was  treated  with  a  Philadelphia  collar  for  6  weeks  and  a 
soft  collar  for  1  week.  Physical  therapy  was  giver,  for  3  weeks.  Ihe  student  successfully  completed  his 
training,  and  is  flying  operationally  without  problems. 

Case  iJ.  Left  Herniated  Nucleus  Puiposua  (HNP)  Cg.g 

Patient  D  was  a  35  year  old  white  male  F-16  IP/Flghter  Weapons  School  graduate,  173  cm  tall,  72  kg, 
and  of  medium  build.  He  had  1,200  houry  in  the  F-4  and  1,000  hours  \n  the  F-i6.  He  had  been  injury-free 
in  two  motor  vehicle  accidents,  in  one  of  which  he  was  thrown  Tree  of  the  car  and  walked  away  from  it.  He 
had  experienced  three  to  four  episodes  of  neck  strain  in  the  F-16  which  he  had  self-treated  with  heat  and 
aspirin . 

Equipment:  Custom  fit  HGU/26F  helmet,  MBU-SP  mask. 

Mission:  No  specific  engagement. 

Discussion:  The  patient  noted  a  gradual  onset  of  paresthesia  in  the  left  arm  which  occured  only  vjien 
load3  greater  than  46  G2  were  applied.  This  i3  similar  to  a  diagnostic  observation  known  as  Spurllng’s 
maneuver  (compressing  the  head  of  a  patient  suspected  of  cervical  radiculopathy;  a  positive  result  is 
reproducing  radicular  pain).  He  attributed  the3e  symptoms  to  a  possible  shoulder-  strait,  related  to  moving 
furniture.  However,  these  symptoms  persisted  f^r  3  months,  and  he  began  to  experience  weakness  an  his  left 
arm,  especially  when  hooking  up  his  atili-C  3uit.  He  finally  presented  to  tr»e  1  light  surgeon  with  intermit¬ 
tent  left  shoulder  pain,  left  biceps  weakness,  and  numbness  down  his  left  arm  into  his  thump.  Anti¬ 
inflammatory  medication  for  1  week  provided  no  relief.  He  was  then  placed  *n  C-splne  traction  lor  10  days, 
again  with  no  relief;  a  myelogram  showed  a  left  HNP  at  Surgery  consisted  of  an  anterior 

discectomy /osteophytectomy .  Symptoms  disappeared  ana  he  was  RTFS  in  3  months  without  sequelae.  He  has 
continued  to  do  well  in  the  F-16. 

Case  5.  Left  HNP 

Patient  E  was  a  29  year  old  white  male  F-16  student  pilot.  168  cm  tall,  7S  kg,  wLth  a  medium  build. 

He  had  a  total  Of  1,200  hours  flying  time  with  700  hours  OV-10,  3^0  Houi  .*»  A-7 ,  and  13  Lours  F-16  time. 

Equipment:  Protection  incorporated  light  weight  single  visor  helmet  with  an  MBU-5P  mask. 

Mission:  Defensive  BFM  (DBFM). 

Discussion:  The  student  was  flying  the  third  engagement  of  DBFM  arid  had  problems  checking  his  6 
o'clock  and  tracking  the  IP's  airplane  under  G  loading.  Looking  over  his  left  shoulder  to  7  o'clock  with 
maximal  neck  rotation  he  attempted  to  chock  the  G-reading  on  the  HUD  (head-up  display)  and  noted  d.U  G;  he 
then  looked  back  to  left  7  o’clock.  He  experienced  neck  pain,  which  radiated  into  his  left  arm,  with  this 
maiieuvwr  .  The  next  wee1*  he  flew  a  repeat  DBFM  and  experienced  pain  when  looking  over  Ms  left  shoulder. 

He  was  unable  to  check  the  *1-7  o'clock  position  inclusive.  Six  »wit  of  pnpM  were  flown  end 

reck  pain  and  left  radiculopathy  symptoms  persisted  post  flight.  The  flight  surgecn  noted  a  muscle  spasm  In 
the  left  aide  of  the  student’s  neck  and  injected  it  with  local  anesthetic.  Physical  therapy  and  cervical 
traction  for  3  weeks  provided  only  slight  inprovement .  A  myelogram  showed  a  left  HNP  of 

The  patient  underwent  an  anterior  discectomy /osteophytectomy  and  was  RTFS  6  months  after  the  opera¬ 
tion.  He  has  done  well  in  the  F-16,  but  has  noted  occasional  neck  pain  at  8  G  and  above,  when  his  head  is 
not  properly  positioned. 

Case  6-  Myofascial  Pain  Syndrome 

Patient  F  waa  a  37  year  old  white  aiale  F-16  IP,  3  7$  co  tall,  7*»  kg  and  of 
medium  build.  He  had  3,500  hours  total  f Ij ing  time  with  1,000  hours  T-38,  700 
hum's  F-H,  720  hours  OV-10,  and  770  hours  F-16  time. 
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Equipment:  IliiU-JiBr  helmet  (custom  fit}  and  an  HHU-121’ 

Mission:  No  specific  engagement. 

Discussion:  The  patient  noted  transient  neck  sornass,  aggravated  by  flying,  for  approximately  1  year. 
Three  months  prior  to  evaluation,  symptoms  began  occurring  more  regularly,  especially  on  y  G  student  orien- 
t&r  ton  rides.  He  would  schedule  to  avoid  these  high  G  missions.  His  symptoms  finally  caused  him  to  seen 
evaluation  by  the  flight  surgeon.  The  C-spine  x-ray  series  was  negative.  Analgesics,  and  anti¬ 
inflammatory  medications  and  osteopathic  manipulation  were  provided.  The  symptoms  progressed  to  numbness 
and  tingling  into  the  right  medial  forearm.  Elect  ronjyography  (EKG)  finding:'  were  consistent  with  a  right 
C(j  r.wrve  root  irritation.  Bohr  scan  was  negative.  C-spine  traction  was  applied  for  1  week.  Cl  and 
myelograms  were  negative  for  BMP.  The  patient  gradually  improved  after  a  ii-veok  grounding.  He  now  denlya 
any  return  0/  symptoms ,  and  regularly  performs  warm-ups  of  his  nock  prior  to  BFN  missions  in  the  F-16. 

Case  7.  Fracture  cf  Spinous  Process  of  C7 

patient  G  was  a  36  year  old  white  male  F-16  IP,  lP2  cm  tall,  75  kg,  with  a  thin  uulld.  Ho  had  ?,250 
hours  total  flying  time  including  850  hours  F-af  1,30b  T-38,  and  eOG  hour's  F-i6  time-  Four  years  prior  10 
the  Currant  injury,  he  suffered  a  hy pcrextension  injury  to  the  neck  secondary  lu  a  rear-end  automobile 
collision.  Tho  Injury  was  treated  with  medication  for  k  days.  Ho  also  had  a  history  of  two  significant 
neck  strains  in  the  F-(<,  8  and  10  years  prior,  secondary  to  "head  trapping"  during  high  G  loading  In  the 
back  scat  as  an  IF.  Sine**  he  began  flying  the  F-16  3  years  prior  to  his  injury,  ne  has  regularly  performed 
isometric  neck  warm-up  exercises  3-*<  times  per  week  for  approximately  15  minutes.  There  was  no  history  of 
ejection. 

Equipment:  HGU-hflF  custom  fit  helmei/HPU-1.?P  mask. 

Mission:  Offensive  0FM  (OPF’M). 

Discussion;  The  patient  was  flying  as  ar.  IP  In  the  hack  seat  of  a  K-16B  for  a  student  CHFM  mission. 

On  the  seconi  engagement  ,  the  student  began  an  abrupt  5  C  climbing  turn,  the  opposite  of  what  the  IF 

expected.  Tne  IF  was  looking  over  his  left  shoulder  at  the  time,  and  felt  a  sharp  pain  at  the  base  of  his 
neck.  The  IP  repositioned  his  head  to  neutral  position  without  further  pain.  Tw.>  more  engagements  were 
flown  (under  6  G).  The  IF  avoided  further  neck  positioning  under  G  loading.  Approximately  3  hours  after- 
landing  he  developed  increasing  pain.  C-spine  x-rays  later  that  day  showed  a  fracture  of  the  spinous  pro¬ 
cess  of  C-  (Fig.  7.)  Analgesics  and  a  soft  collar  for  2  weeks,  followed  by  gradual  range  of  motion  and 
strengthening  exercises,  resulted  in  Improved  symptoms.  He  was  RTFS  after  a  period  of  6  weeks.  Ho  con¬ 
tinues  to  perform  his  isometric  neck  conditioning  exercises. 

Case  S.  Left  HNF  C^_7 

Patient  H  was  36  year  old  white  male  F-16  IP.  He  was  173  cm  tall,  80  kg,  with  a  stoci’i  build.  He  had 
(1,060  hours  total  flying  time  with  1,000  hours  F-16,  750  hours  F-k,  1,300  hours  T-38,  600  hours  QV-10,  and 

63  hours  F-5  time.  At  age  id  he  hit  the  front  windshield  when  his  car  hit  a  tree.  There  was  no  loss  of 

consciousness  or  neck  injury. 

Equipment:  Custom  fit  HGU-kQP  hc-lraet/M6b'-12P  mask. 

Mission:  Defensive  BFM. 

Discussion:  The  patient  was  instructing  a  student  on  defensive  BFM  from  tne  hack  seat  of  an  F-lbB. 

Tne  first  engagement  involved  an  attacker  at  a  high  right  6  o'riock  position,  who  then  repositioned  to  high 
left  7  o'clock  and  proceeded  to  a  deliberate  overshoot.  The  student  performed  an  unloaded  180°  roll,  then 
snapped  full  aft  stick  to  9G.  At  this  time,  the  IP  had  been  looking  to  the  right  6  o'clock  and  during  the 
attacker's  transition  to  tiie  left  7  o'clock  the  abrupt,  unexpected  0  forced  the  IP'3  head  into  ms  lap.  He 
used  both  hands  to  push  his  head  bark  into  position,  and  felt  a  burning  sensation  In  the  left  midline 
po9teriw>  reck.  He  flew  tw^,  more  engagements  and  noted  discomfort  in  his  neck  in  the  left  lateral  gate 
position.  The  burning  sensation  persisted  during  the  remainder  of  this  flight  ,  but.  no  significant  pain  was 
noted  and  all  symptoms  resolved  on  lanang.  That  evening  the  patient  noted  neck  stiffness  and  decreased 
mobility,  which  he  treated  with  aspirin.  He  flew  three  raor#»  rises  that  week  ir.  the  Ft  uni  seat  up  to  9  0 
without  any  aignit’cant  problem.  The  neck  stiffness  gradually  returned.  That  weekend  ho  experienced  9harp 
neck  pain  the  left  posterior  r^dline  which  was  worse  when  looking  down  and  to  the  left.  Again,  hr  treated 
himself  with  a  heating  pad  and  extra-strength  acetaminophen.  Ttie  following  day,  while  tilting  his  head 
back  to  shave  the  right  side  of  hi3  neck,  he  experienced  a  severe  shooting  pain  into  his  left  arm,  which 
Drought  him  to  Lis  knees.  The  flight  surgeon  noted  a  decresaed  biceps  mu90le  mass  and  decreased  biceps 
tendon  reflexes  on  the  left.  C-spine  x-rays  showed  disc  narrowing  at  ^i*,6  6*  Traction  initially  improved 
symptoms;  however,  his  symptoms  gradually  recurred  over  Ihe  next  3  weeks  despite  tils  doing  only  light 
office  work.  A  myelogram  showsd  a  left  HNP  at  Cg_v.  He  underwent  left  anterior  di scoot oray/osteopliy lectccy 
at  ana  was  RTFS  after  6  months.  He  has  had  no  further  problems  in  the  F-16. 

DISCUSSION 

Anatomy  and  Physiology 

Tho  cervical  spine  consists  of  3^  joints  from  the  bottom  cf  the  skull  to  the  undersurface  of  C7. 
Between  adjacent  vertebrae  there  Is  a  closed  five  point  support  sysi-em.  Tne  five  points  are  the  interver¬ 
tebral  disc  anteriorly,  two  zygapophy seal  joints  posteriorly,  and  two  neurocentral  Joints  (of  i.uscnka). 
Malalignment  or  distortion  of  any  one  Of  the  five  support  elements  stresses  » n*  reszir.ir."  four  0 lcx.6',1 3 . 
When  0  di*:c  is  31,‘eaSuu,  it  deteriorates .  When  the  other  elements  are  stressed,  spurring  occurs  in  en 
attempt  to  siabllitze.  Injured  ligament?  also  tend  to  heal  with  calcification.  Chronic  muscle  imbalance 
from  the  initial  injury  may  also  cause  3tress  and  instability  at  distant  levels  (7).  Tnis  in  turn  nay 
cau^e  spurring  at  sites  other  than  the  stte  of  injury. 

There  also  exists  an  important  cervical  locking  mechanism  which  serves  to  protect  the  neck  before 
vascular  or  nerve  damage  can  occur.  During  extension,  lateral  flexion,  and  rotation  of  the  neck,  the 
transverse  processes  of  tho  vertebra  engage  the  top  of  the  upper  articular  processes  of  the  vertebra  imme¬ 
diately  below.  Narrowing  of  the  spinal  canal  is  arrested  by  the  locking  mechanism,  ihu3  preventing  damage 
to  the  spinal  cord.  The  vertebral  balance  is  maintained  by  the  ligaments  and  muscular  forces 
acting  through  continuous  adjustment.  The  isolated  ligamentous  spine,  devoid  of  muscles,  is  incapable  of 
supporting  more  than  2  kg  without  buckling.  However,  ii  is  important  to  note  that  patients  with  total 
paralysis  of  the  cervical  nuscles  have  no  clinical  instability.  In  the  clinical  sense  of  stability, 
the  ligaments  play  a  primary  role  and  the  muscles  a  Secondary  role  (8), 
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The  nctha'ilcal  strength  of  the  hu  man  cervical  vertebrae  has  been  shewn  to  be  greatest  between  aged 
2u-l9.  At  ages  40-49  the  tensile  strength  decrenres  approximately  SOS.  (T>  There  also  is  ar  inverse  re  J  n- 
tionsblp  L'tween  range  of  motion  and  -ge:  as  ago  increases,  nobility  decreases. 

As  mentioned  in  the  introduction,  the  cervical  spine  is  capable  of  carrying  greater  loads  axially  tnnn 
i.i  flexion,  extension,  o-  tors  .on  Ti,*  G-loads  in  the  current  dynamic  cockpit  environment  are  Capatle  of 
causing  stresses  in  excess  of  wi.ai  the  cervical  vertcurpi  system  can  safely  tolerate  in  some  individuals. 

Evalution  and  Wo.-k-up 

History  is  important  in  th<  evaluation.  Aircrew  frerrent  ly  dc  not  a  ok  new  lodge  the  history  of  traurn, 
a>  i  the  arount  of  force  required  to  produce  occult  fractures  or  other  injury  io  the  cervical  Spine  car.  be 
minimal.  It  is  important  tc  ascertain  tin?  direct  ion  of  force  as  well  as  it3  node  of  onset,  duration,  and 
location,  flssocia*  6*1  sy.ipiom3  such  as  p*  ,  weakness,  sensory  abnormal  it  les  <<n:4  their  dist.'lr.ut ions ) , 
g.ilt  dEyo^d^f  ,  vertigo ,  nausea,  diplopia,  stiffness,  or  deformity  should  be  de t or ir lin'd .  While  trauma  is 
the  most  Jinny  comann  cause  of  abnormalities  cf  the  cervical  spine  in  the  fighlet  air-crew  population,  one 
should  sis-.-  consider  and  role  out  such  conditions  as  tumor.-;.  Infections,  con^cnltai  ma)  format  lo-'*S,  inflam¬ 
matory  disorder*,  degenerative  disorders,  and  metabolic  and  v<tscul  ir  disease  processes .  (9,' 

In  evaluating  the  history,  ic  is  important  to  dif fefentj; te  non-:.., urological  lesiony  (irsyofaaical )  fion 
other  types  of  cervical  spine  injuries.  These  extraspinal  injuries  arc  often  culled  "burners"  bo  cause  of 
the  sealing  pain  they  produce  ir.  a  radicular  distribution  OC,il>.  To  assume  that  the  symptoca  arc-  pro¬ 
duced  by  a  herniate*  disc  u  potentially  to  nisna  wage  the  patient  and  possihly  ground  h  I't  for  unnecessarily 
long  pc;  xcds  ol  time 

Occult  lesions  also  muC-.  be  consider*' i.  Tne  usual  sequence  of  events  is  neck  pair,  issod lately 
following  injury.  Tiie  p*jin  then  be  cone-*  leus  inLor.se  or  even  disappears  a3  the  muscles  o  i  the  necE:  go  into 
apauci  and  act  as  ar  internal  splint.  Tin.*  aircrew  manner  may  not  report  for  evalua* ion  at  this  timu. 

However,  as  the  muscles  titc,  the  pafn  rec-nrs  or  worsens.  Symptoms  may  persist,  or  they  nay  disappear  und 
perhaps  return  e  third  tine.  An  occult  injury  should  be  considered  with  such  a  history  of  recurrent  neck 
pain,  even  if  the  patient  cannot,  recall  ai.y  precipitating  tranr;<*  (7). 

Physical  Examination 

The  prysica]  examination  should  attempt  tc  separate  musculoskeletal  from  neurologic  ir  Jury ,  u  elirit 
Instability,  ar.d  to  distinguish  upper  motor  neuron  from  lower  no -or  neuron  signs,  it  is  important  for  the 
ex.-.fllnmg  chysieian  to  be  familiar  with  the  entire  apeotrur.  of  findings  u.-.sociated  with  cervical  spine 
injuries. 

Diagnostic  Tests 

C-spinc*  x-rays  remain  the  initial  evaluation  tool  tor  suspected  C-spine  injuries.  In  acute  injury 
situations ,  vi-.^re  t'-spinr  injury  1  *  suspected,  a  lateral  scout  film  to  include  C7-T1  should  bo  obtained. 

The  scout  lllm  is  reviewed  for  evidence  of  fracture,  dislocation  ,  or  instability  before  .vter  iof- 
posterior,  lateral  f  Isxion/pxter.aion,  and  oMjque  til  ms  are  obtained.  Occult  traumatic  lesions  are  usnlly 
rot  appreciated  on  the  firs*,  set  cf  routine  C-spine  reviews  and  may  require  special  vU-wh  in  nucer-jj..  pro* 
Joctior.n  for  the ‘ r  detection  (9*. 

Myelograbr.y ,  CT,  or  MRI  may  also  assist  in  funher  evaluation  of  spinal  lesion*,  Bon^  nelntigraphy 
(seen.1  with  99tc  -me  thy  lone  disphosphate  (M|)P'  or  99xc-hydro  ly.aelhylene  diphosphate  (HDP1  are  useful  in 
.•et-ectj  ng  active  disease  (osteoarthritis)  and  acute  injuries  (compression  or  stress  fracl  or  e.r, ) .  NDP  can 
assist  ir.  dstir.c;  injuries,  r.s  tone  scar.-^  or  t,ie  majority  of  spinal  fracturt  ?  return  to  normal  in  6 
months  (9>*  Ei^ctromyogi  ~.pny  car.  also  help  distinguish  betwru.i  spina*  cord,  brachial  plt-xys,  and  peripheral 
nerve  lesion?  when  other  studies  are  inconclusive.  (Fuitbo"  informs* ion  on  the  above  tests  and  current 
ad varu  events  may  be  found  in  the  oi.r»*ent  orlhopt  J:u ,  wof>oui  gloai  ,  ana  radiologi  -;  :  Ueratu.-e . ) 

'f^rat-aont 

It  is  beyond  'he  soop>.  of  this  psp^r  to  diao-sc  in  detuil  the  tree t mm’,  and  raanagemcr  -.  of  the  various 
combinations  of  corvica  1  spine  In j  jries  that  cwr.  recur.  Appropriate  or  t-.iopcdic  or  neurosurgical  con¬ 
sultation  should  bo  obtained  when  specific  injuries  art*  suspected  or  identified. 

Cervical  collar.-  remain  ?.  popular  modality  of  treatment  for  a  wid*  variety  of  neck  injuries  treated 
cn  ar.  outpatient  Las! 3.  An  understanding  of  t.r»eir  limitations  is  important  in  ranging  patients  with  neck 
5 n juries.  If  the  stabilizing  ligaments  nave  lost  thrlr  Integrity,  a  mlovest  or  halocast  may  be  required. 
CerYico-thorac*d  braced  and  braces  with  mandibular  support  limit  a  high  percentage  uf  motion  in  the  3agit- 
\i 1  flane,  tut  vhey  are  less  effective  than  the  halo  in  restricting  rotary  or  lateral  motion  Cl8j.  Soft 
ei»?  lara  provide  gent  It  :>  up  port  one  act  as  4  reminder-  to  t.ne  patient  lo  limit  neck  motion:  they  do  not 
lrURubilize.  The  collars  should  be  worn  as  lO'Jg  as  it  takes  for  the  fracture,  ligamonts,  or  soft  tissue  to 
heal.  Generally,  the  collars  are  worn  for  a  minimum  of  eight  to  ten  weeks,  depending  on  the  type  of 
injury ■  It  io  better  to  err  toward  longer  rather  than  shorter  wear.  This  is  frequently  a  difficult  tbsk 
w.- tn  (Dust  fight  r  aircrew. 

It  in  Important  that  tne  stability  of  the  neck  he  assessed  after  healing  end  before  the  crewmember 
returns  to  the  high -5  environment.  In  addition,  he  should  be  rtrc.igly  cr.co*  to  uruiortaKe  neck 

-»vi  ecigLhening  *..id  cobdltxohing  before  resuming  fuli  flying  activity. 

FREVENTIo.t 

Physlc.il  Condi  t  losing 

There  are  a  variety  of  neck  strengthening  exercises,  including  neck  bridging,  buddy  system  resistance 
exui  clses  ,  the  use  of  a  head  narness  and/or  strups  with  fr-ou  wei^htc,  and  neck  resistance  machines.  Many 
of  the  exerclsrs  are  awkward,  lack  specificity,  and  produce  less  than  optimal  results. 

A  number  of  neck  conditioning  machines  have  been  developed  for  protecting  football  players'  necks. 
Studies  done  with  West  Point  cadets  have  shown  significant  increases  in  neck  strergth  using  such  machines 
(li?).  These  ojachlnes  provide  resistance  through  the  full  range  of  notion  and  do  it  safely.  The  described 
workout  consists  of  six  exercises  (all  six  of  which  took  0  mini;  shoulder  shrug, 


neck  rotation,  and  exercise?  on  the  4 -w.ty  neck  machine  (flexion,  extension,  right  and  left  lateral 
flexion).  In  one  stud/,  one  group  performed  >4iole  body  conditioning  along  with  neck  training  twice  a  week 
for  6  weeks;  a  second  group  performed  only  neck  exercises  three  times  a  week;  and  a  third  (control)  group 
was  Included  with  no  formal  neck  training  program.  The  increase  in  relative  strength  of  the  necK  noted  was 
52*.  57*.  and  2fii,  respect  Jvoly.  This  study  Indicates  that:  1)  total  lody  condidtlonlng  Is  important  tn 
achieving  a  significant  increase  in  neck  strength,  and  2)  a  brief  neck-exercise  training  program  (8  min, 
two  times  a  week)  can  give  a  significant  increase  in  neck  stran/th  when  performed  on  proper  equipment. 

Many  fighter  aircrew,  especially  those  in  the  F-16  community,  have  developed  some  form  of  neck  conditioning 
on  an  individual  basis.  Various  harnesses  with  froe  weights  have  been  designed  by  aircrew  for  exercising 
theiT-  neckr-  ano  nave  been  recommended  in  the  flying  safety  literature  03).  Most  fighter  aircrews  perform 
neck  warmups  In  the  cockpit  prior  to  taxiing  or  while  waiting  for  LakeoTf.  This  conditioning  becomes  even 
more  important  fo**  the  older  crew-member  and  the  infrequent  flier. 

Her. d  Positioning  in  the  Cockpit 

Various  techniques  have  evolved  fo /  head  positioning  jn  the  high-G  environment .  In  the  P-16,  some 
aircrew  position  their  head  prior  to  the  high-G  onset,  and  if  repositioning  is  required,  the  aircraft  is 
uiuoaded  (G  load  is  decreased)  and  the  head  is  repositioned.  Others  "wedge1'  their  head  against  the  edge  of 
the  seat  or  canopy  to  cneck  the  six  o'clock  position  while  under  hlgn  G  loads.  Still  others  are  ahle  to 
move  their  head  around  in  the  9  G  environmant  without  apparent  difficulty.  It  is  also  interesting  to  note 
that  many  pilots  (especially  older  ones)  prefer,  and  find  it  easier,  to  look  over  their  left  shoulder 
rather  than  the  right,  and  wllj  often  arrange  defensive  engagements  tc  neet  this  preference.  This*,  may  be 
due  to  the  traditional  placement  of  the  stick  between  the  legs  and  a  left  hand  throttle  making  it  easier  to 
lock  left  than  right.  Tnis  ooes  not  seem  to  be  a  habit  in  new  F-16  pilots. 

In  the  F-’S,  which  has  the  same  ejection  seat  as  the  F-16,  the  entire  spine  becomes  involved  in  sup¬ 
port  because  of  the  relatively  vertical  positioning.  Aircrew  will  often  pu3h-cff  on  the  canopy  with  one 
hand  to  brace  themselves,  or  use  one  of  tne  "towel  racks"  (canopy  handholds)  tc  assist  in  their  viewing 
(Fig.  8).  Because  of  the  more  vertical  conf Igurat ion  of  the  scat.  It  is  possible  for  the  head  to  fall 
further  forward  if  the  momentum  of  the  head  pulls  the  torso  forward  (Figs.  9,  10).  It  is  also  more  dif¬ 
ficult  for  the  pilot  to  visually  scan  vertically  idireetly  above  the  canopy)  (Fig.  11).  Physical  strength 
becomes  more  important  with  this  seal  position.  Figures  8-1 1  show  various  viewing  positions  in  both  the 
F-15  and  F-16. 

Equipment 

Helmets  have  continued  to  be  improved  since  the  P-i  helret  was  adopted  in  1948.  Current  single- 
visored  light-weight  helmets,  such  as  the  HGU-26/P  (approximately  1  kg)  reportedly  are  more  comfortable  and 
cause  less  fatigue  under  repealed  G  loading  lliar  was  the  case  with  the  older  helmets.  Protection  of  the 
neck  during  ejection  and  imped  continues  to  receive  research  attention.  This  resea-'ch  includes  the  deve¬ 
lopment  of  mathematical  models  to  evaluate  the  hiodynamic  response  of  the  head  and  neck  to  ejection  and 
imract  forces  (8). 

The  basic  premise  for  neck  protection  is  tc  avoid  distortion  of  the  neck  beyond  its  mechanical  limits. 
The  most  direct  means  of  preventing  injurious  neck  distortion  is  external  re inforcemLrtt  of  the  cervical 
spine,  heao  to  torso.  However,  a  device  capable  of  such  reinforcement  must  also  be  comfortable  to  wear 
without  being  a  hazard  or  causing  interference  during  normal  or  emergency  tasks.  Several  interesting 
designs  were  considered  in  the  late  1960's  by  Mattingly  (14)(Flg.  12).  Other  concepts  of  protection  are 
seen  in  articulating  ssata  which  can  provide  head  and  neck  support  ir.  multiple  viewing  positions  under 
varying  G  loads  a3  proposed  by  McDonald  (15,16)  (Fig.  13).  Further  work  in  the  area  of  neck  protection 
equipment  remains  to  bo  done  as  aircraft  continue  to  improve  in  performance  capability. 

Screening  of  Aircrew 

Pccosse'ida? fur  the  momcai  screening  of  potential  fighter  aircrews,  a?  well  ac  fer  recurrent  exa¬ 
minations  or  current  aircrews,  have  been  proposed  (17,18,19).  The  Hoyal  Netherlands  Air  Force  (FNlAF) 
instituted  medical  screening  in  Decsmoer  1902.  with  their  introduction  of  the  F-16  (20 1.  This  screening 
consists  of  10  x-rays:  4  lumbosacral  spine  (2A/iataral/2  obliques),  2  throacic  spine  (AP/lateral ),  and  4 
cervical  3pJne  (PA/lateral  at  rest  and  in  flexion  and  extension).  This  gives  a  calculated  exposure  dose  of 
650  rarem.  As  a  result  of  this  examination,  201  (45/225)  of  aircrew  applicants  were  rejected  for  x-ray  evi¬ 
dence  of  spinal  abnormalities.  Only  25  (4/220)  were  disqualified  because  of  cervical  spine  abnormallt ie3 . 
The  RNt.AF  also  examined  196  qualified  fighter  pilots  and  found  245  (48/190)  with  cervical  disorders.  Four 
pilots  were  rejected  from  F-16  duty  because  of  cervical  discopathles  with  osteophyte  formation  (especially 
when  the  osteophyte  involved  the  back  side  of  the  cervical  canal).  Three  pilots  received  a  G  restriction. 

The  French  Air  Force  has  adopted  a  similar  program  (21).  However ,  statistics  from  this  program  have 
yet  to  be  published.  Presently,  the  USAF  does  not  require  spinal  x-rays  for  fighter  aircrew  candidates. 

It  is  doubtful  that  any  of  the  eight  cases  presented  in  this  report  would  have  been  prevented  by  Initial  or 
recurrent  screening. 

CONCLUSION 

Tiie  potential  for  significant  neck  injury  exists  within  the  current  operational  envelope  of  today's 
high  performance  fig*:'  -r  (KPF)  aircraft.  Altiiuwgii  liie  knuwri  cases  01  significant  neck  injury  due  to  high  G 
stress  are  few,  and  have  not  resulted  in  permanent  grounding  or  disability,  the  number  of  tactical  aircrews 
currently  on  flying  status  and  ths  number  of  sorties  flown  on  a  daily  basis  suggest,  tnai  the  pcsaibllty 
erlsts  for  more  serious  or  catastrophic  neck  Injury.  Aircrew  experience  level  is  no  protection  against  neck 
Injury,  and  G-load  exposure  need  not  be  excessive  to  produce  injury. 

Exercise  conditioning  of  the  neck  has  significantly  reduced  the  frequency  of  neck  injuries  ir.  football 
players  and  can  offer  significant  protection  to  today's  fighter  aircrew.  Total  body  conditioning  is  pre¬ 
ferable  to  simple  rack  exercises.  A  variety  of  methods  and  types  of  equipment  are  currently  available  to 
achieve  these  goals,  some  bettar  than  others.  Twice  a  w*ok  conditioning  of  the  neck  can  give  significant 
Increases  In  strength  over  a  short  period  of  time.  Finances,  personal  preference,  and  available  space  are 
all  factors  that  hove  led  to  a  variety  of  conditioning  programs  by  aircrew.  Aircrew  members  should  be 
instructed  In  safe  methods  of  conditioning,  and  should  also  be  taught  how  to  rocognixe  significant  symptoms 
or  injuries. 


Equipment  (helmet  and  mask  design)  has  improved,  but  seat  designs  and  other  means  yf  neck  support 
deserve  fu'-ther  research,  especially  for  the  next  generation  of  fighter  aircraft. 

Screening  of  USAF  HfF  aircrew  candidates,  as  well  as  present  fighter  aircrew,  witn  spinal  x-rays  is 
currently  a  sensitive  issue  among  both  aircrew  and  the  medical  community,  and  whether  such  screening  will 
eventually  become  standard  practice  is  unknown.  Nevertheless,  flight  surgeons  who  support  HPF  aircrew  must 
maintain  a  high  degree  of  awareness  of  the  possibility  of  e  serious  neck  Injury  when  caring  for  aircrew  who 
present  with  neck  complaints. 
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SUftURY  OF  NECK  IN, HIMES 


Case  No . 

Injury 

Meehorjitc 

G  Loac  l  «-Gz ) 

Mission" 

Aircraft 

1 

Compression  Kx  C7 

Acute  flexion 

9  0 

NbFH 

F-15A 

2 

Compression  Fx  C5 

Forced  iateraL  gate 

6.5  (i 

DBFM 

F-16A 

3 

Intersp tnous  ligament 
tear  at  ^-6-7 

Strained  on  right 
posterior  ».me 

4.5-5 .5 

n 

DBFM 

F-15A 

9 

Left  HHF 

ho  specific  injury 

Sr  at  6 

G 

— 

F-15A 

5 

Left  HNP  C5_£ 

Strained  on  left 
posterior  gaze 

8.4  G 

DBFM 

F-16A 

£ 

Right  C*  myofaaical 
synorume 

No  .ipeciiic  injury 

Sx  at  9 

G 

— 

f-i6a/! 

7 

Fx  spii-.r.U3  process  Zj 

Neck  trapped  ir  left 
gaze  wLth  unc»pecte^ 
rignt  turn 

5  G 

1 

0BFM 

F-lbb 

8 

Left  HNF  C6.7 

Neck  trapped  during 
transition  fror. 
right  c?ze  to  left 
gaze 

9  G 

itfm 

F-18B 

■Mission : 

HB7M  -  neutral  basic  fighter  maneuvers. 
DbFH  -  defensive  bi.sic  fighter  mcneuvura. 
OBtfH  -  offensive  basic  fighter  rtau&uvera . 
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Fro  it  the  1 55t.lt  TAC  Clinic ,  NuSraskE  Air  National  Guard,  Lincoln  HAT,  Lincoln,  Nebraska.  Dr,  Scliall  ig 
c.urrentJy  on  acrivn  duty  at  the  University  of  Nebraska  Medical  Center,  where  he  I3  finishing  his  residency  in 
Otolarynglogy .  He  ia  a  Senior  flight  Surgeor.  and  is  board  certified  in  Aerospace  Medicine. 

The  opinions,  interpretations,  and  conuln-.i ons  contained  herein  art  those  of  the  author  only  and  do  not 
necr-ssari  ly  represent  the  official  vicw3,  policies,  or  endorsement  of  the  USAF,  Air  National  Guard,  or  any 
other  govamreental  agency.  Major  portion^  of  Ib’a  paper  have  been  published  in  "Aviation,  Space  A  Environ¬ 
mental  Medicine"  1989. 
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Fig. 3. -Case  2-Bone  scan  performed  post-injury  showing 
uptake  at  the  C,  level. 


Fig. 4. -Case  2-Latcral  cervical  spine  X-ray  showing 
a  compression  f  ra^t.uris  of  C^. 


Fig, 7. -Case  7-cervital  spine  X-ray  demonstrating 
a  clay  shovslar’s  fracture  of  the  apir.ous  process 
of  t7. 


Fig. 6. -Case  3-Latetal  C-splne  showing  widening 
of  the  C  interspinoue  ligament. 


Fig. 8.  "Checking  6"  in  the  F-16,  demonstrating  how  the  head  must  be  positioned  off  the  seat  to  view. 


Fig. 9.  Neck  at  normal  repose  in  the  cockpit  of  the  F-lo(left)  and  the  F-13 (right) . 


Fig.  10,  Forward  flexion  1.n  the  P-16  (left)  and  the  F-15  (right).  Note  that  in  the  F-16  with  the  30  eeatbock 
angle,  the  cervical  spine  is  already  flexed,  thus  decreasing  the  distance  it  must  travel  to  reach  maximal 
flexion.  In  the  P-15,  the  seat  la  relatively  straight  and  the  cervical  spine  relative  to  the  thoracic 
spine,  Is  capable  of  further  mot ion/ acceleration  relative  to  It’s  starting  position. 
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SUMMARY 

Since  the  F-16  replaced  the  F-104  Starfighter  in  1977,  the  pilots  ot  the  1* 
Fighter  King  (l#f'W)  complained  frequently  from  neck  injuries  sustained  during  and 
after  their  High  ■*  Gz  i  n  t  ercept  ions .  Till  recently,  Aerospace  Medical  community  paicd 
few  attention  to  this  new  clinical  problem,  although  it  was  wel  known  amongst  pilots 
flying  high  performance  aircraft  (HPA)  and  flight  surgeoris. 

In  this  report,  we  commutucate  the  results  of  an  anonymous  questionnaire, 
concerning  neck  problems  m  pilot s  flying  the  F-16  in  an  almost  exclusive  air  to  air 
role.  A  sample  of  30  pilots  answered  this  quest l onna l re  in  1984  and  in  988. 

Analysis  of  these  questionnaires  showed  50  percent  of  our  pilots  eported 
having  neck  problems  flying  F-16. 

No  positive  correlation  between  the  age  of  our  pilots  and  the  prevalence  of  cervical 
pain  could  be  demons l ; a  ted  in  this  small  group  of  fighter  pilots.  Subsequent  factors 
favourising  thes  neck  injuries,  arc  the  weight  of  the  flying  helmet  as  well  as  the 
combination  of  an  mappropri ate  and  insufficient  physical  training  program. 

Neck  injuries  in  pilots  of  HPA  are  a  real  occupational  hazard  and  wc  need 
further  long  term  follow  up  studies  to  assess  an  eventually  cumulative  effect  of 
repetitive  nigh  G  loading  on  the  cervical  spine. 


INTRODUCTION 

In  the  beginning  of  the  seventies,  o  new  generation  of  high  per i ormancc  aircraft 
(HPA)  was  developed  by  tne  aeronaut ical  industry.  The  application  of  new  technologies, 
mter omintaturizat ion.  the  fly  by  wire  system,  the  use  of  strong  light  weight  composite 
materials  and  new  powerful  engines,  led  to  the  development  of  a  new  light  weight 
lighter  (LWF;  :  a  highly  maneuverable  aircraft,  combining  racid  linear  acceleration 
with  o  high  onset  rate  of  centripetal  radial  acceleration  {♦Cs*).  For  th _•  Inst  time  in 
aviation  history,  the  pilot  has  become  c««v  limiting  factor  in  the  man-mach i nc  combina¬ 
tion. 

_n  the  1st  Wing,  stationed  at  Beauvechain  AB,  BE,  the  first  F-16  was  delivered 
in  early  1979  to  replace  tin*  F-104  otarf ighter -  On  the  first  of  January,  1982,  wc  had 
the  first  operational  European  F-16  Squadron  assigned  to  NATO  Airforces,  At  present, 
168  pilots  have  received  a  conversion  course  at  the  Operational  Conversion  Unit 
Squadron  (OCU)  with  70  percent  of  their  missions  flown  in  a  high  G  eni'iionment. 

Early  in  1980,  flight  surgeons  at  the  1®  FW  had  already  noticed  a  very  high  incidence 
of  cervical  injuries  among  fighter  pilots,  once  they  began  operational  flying  in  their 
assigned  air  defence  role.  In  an  anonymous  questionnaire,  2?  out  of  2.3  interrogated 
pilots  complained  of  cervicalgias ,  an  unknown  me ucai  problem  in  the  fighter  community 
at  that  time.  We  recommended  strongly  that  new  flying  helmets  be  purchased  to  reduce 
the  high-G  load  on  the  cervical  spine. 

We  adviced  F-16  pilots  to  perform  a  general  muscle  training  piogram.  with  special 
attention  on  the  development  of  the  neck  muscles,  and  we  proposed  that  the  Belgian 
Air  5ta£  fund  a  k inesictherapeut lc  treatment  facility  cn  the  base  for  treating  the 
pilot’s  neck  injuries. 

Although  many  HPA  pilots  over  the  world  have  suffered  an  acute  mf I' 
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problems,  inert  was  little 


injury,  and  flight  suLgeons  were  aware  r>t  *h 
published  material  until  recently.  In  1985  a  radiologist  from  the  Royal  Netherlands  An 
Force  reported  the  results  oi  a  radiological  invest iga t ion  of  the  whole  spine  with 
special  interest  on  the  cervical  spine.  For  pilot  training  candidates,  there  was  a 
rejection  rate  of  20  percent  for  spinal  radiological  disorders.  Of  J96  qualified  pilots 
radioing ica lly  examined,  18  showed  Cervical  discopathies  with  ostoofyti  formation. 

After  deliberation,  four  pilots  were  rejected  for  F-16  duties  and  two  others  received 
a  G-res tr ict ion  limitation. 

The  meuical  Service  of  the  Belgian  Air  Force  decided  in  1904  to  take  cervical 
spine  X-rays  of  all  current  F-16  pilots.  Although  no  qualified  pilot  was  grounded  for 
radiological  disorders,  the  BAF  Medical  Setvice,  decided  to  repeal  this  examination 
at  five  year  intervals  as  follow-up  study. 
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HICHAMS?!  OF  AN  INJUR*. 

I  i  ]'ots  t lying  dir  deionco  interruption  missions  are  pa  r  t  1  cu  1  ar  ly  at  risk  for 
neck  injuries.  Dissimilar  Air  Combat  Training  (D/.CTJ  missions,  flight  safety  repel  >- 
.in'-’  f  lor  of  engager-*  r.t  .■eijui.-t  a  noai  Constant  visual  contact  of  the  opponent 
aircraft.  Particularly  when  in  a  defensive  position,  the  pilot  must  rotate  his  neck  to 
check  his  six  o'clock  position  with  heavy  lead  on  his  aircratt. 

The  cervical  spine,  compared  to  the  dorsclnmb.il  spine,  it  lar  more  mobile,  Lut 
this  nigh  degree  oi  mobility  is  penalised  by  its  greater  fragility.  The  nnutumjcjl 
structure  oi  the  cervical  spine  allows  a  person  to  make  complex  and  large  movements 
with  his  head  (flexion,  extension,  lateral  flexion,  rotation  and  a  combination  of 
these).  -Specialised  articulations  between  the  neck  vertebras  peril l  this  complex 
mobility  with  nwnirr.a]  muscular  activity,  while  strong  1  lcomcn is,  anterior,  posterior 
and  jnterspinous,  under  normal  conditions  l:nn  excessive  mobility  oi  t  lie  vertebras, 
however ,  ll  these  supports  are  damaged,  larger  displ  nceir.ent  of  the  vertebras  becomes 
possible  and  can  allow  damage  t_o  the  spinal  nerve  roots. 

'.he  neck  ituscics  torm  a  kind  of  active  tigging  of  the  head  <.nd  the  cervical 
spine,  since  the  center  of  gravity  of  the  head  is  situated  before  the  at lanto-occipi t.il 
articulation,  the  head  has  a  natural  tendency  to  fall  forward  which  n.ut-t  be  countered 
ty  a  constant  contraction  of  the  .strong  anti -gravity  neck  extensors.  On  the  other  hand, 
the  neck  flexors  muscles  are  small  and  weak.  A  pilot  expecting  high  G  forces,  can 
contract  his  nock  muscles  and  stabilize  his  need  in  a  steady  position.  Il,  on  the 
contrary,  the  pilot  i<  caught  by  a  surprising  high  G  load  and  Ins  head  is  not  stabi¬ 
lized.  the  head  will  move  very  rapidly  in  the  opposite  direction  of  the  applied  accele¬ 
ration.  In  t  ncse  circumstances,  the  neck  muscles  cannot  react  in  ..  timely  manner  to 
stop  the  large  displacement  ot  the  head,  further  they  lark  sell  icient  stiennht  to 
return  the  heavy  v-eiyiit  of  the  G  loaded  head  to  a  stable  position.  '*;iu  ci  i  spl  .iconion  t  of 
the  head  will  only  be  halted  by  the  anatomical  structures  of  ligaments  or  vertebras. 

5 u r h  a  chain  of  events  can  typically  lead  to  a  muscular  elongation,  wiCh  can  trigger  a 
pain-spasm  reflex  leading  to  a  torticolli;  a  ligament  tear  c.  r  in  the  worst  cases  (sulu 
luxations,  intcrvcirtcbr.il  disk  damages,  conpi  cssion  fracture  of  the  cervical  vertebras 
ar.J  possibly  compression  of  the  nerve  rcotr.  from  the  plexus  ccrvicobrncHi.il  is. 

It  is  quite  obvious  that  the  weight  of  a  heavy  flying  helmet  of  about  ?  kg  will 
cvi'Sicci ably  increase  the  load  on  the  cervical  spine.  Vet  another  deleterious  effect 
Ot  the  older  flying  helmets  iS  the  synergetic  combination  of  the  double  visors  and  the* 
oxygen  mask  fitting  placement,  wnich  shift  forward  the  center  of  gravity  of  the  head 
increasing  t  r.e  load  for  the  neck  extensor  muscles. 

hi;:  hops. 

~  In  195V,  the  authors  functioning  as  flight  surgeons  at  the  1°  Fighter  Kim,  had 
very  tew  medical  consultations  with  pilots  suffering  with  neck  problems,  although  jt 
v.  a  5  known  that  those  complaint.-;  were  very  common  in  19GG.  When  wc  saw-  a  pi  J  ot  with 
neck  problems.,  :t  was  typically  a  trainee  at  tne  OCU  Squadron  undergoing  training  in 
baric  Fighting  Maneuvering  (EiFM)  or  a  young  squadron  pilol  with  limited  F-1G  Hying 
experience.  Flying  in  the  back-seat.*-:  F-16  P  Models  during  BL'.m  missions,  wc 
experienced  ourselves  the  heavy  load  on  the  neck  muscles  and  questioned  why  wn  saw 
relatively  few  pilots  with  neck  injuries.  The  answer  to  this  Question  could  be  two¬ 
fold  :  t  ho  problem  wasn't  as  a  inn  1 1  \c«ir»t  as  0  years  ago.  or  the  pilots,  afraid  to  see 
».  flight  surgeon  for  fear  of  being  grounded,  preferred  to  seek  medical  attention 
for  irtcn'  r.eek  problems  with  a  civilian  physician.  Informal  talks  witn  the  pilot.*', 
confirmed  the  continuing  existence  ci  neck  pair,  during  tir  combat  maneuver  l  ng .  I  r*  those 
discussions,  n.cst  pilots  attributed  this  problem  to  tneir  heavy,  bulky,  and  uncomfort¬ 
able  flying  helmets. 

Tb.ily  pilots  oi  tnc  i  ~  Finn ter  King  wore  screened  for  the  p :  cv  c  1  cr.co  of  Cervical 
I  am  in  J984,  utilising  an  anonymous  ouoctionn&irc  during  their  annual  medical  check¬ 
up  at  the  Center  of  Aerospace  Mcdecine.  Since  the  results  of  that  survey  were  never 
analysed,  in  1988  the  DAF  Director  of  the  Acromed ica 1  Services  tasked  the  medical 
c«>t  ochcment  oi  the  1°  F.w.  to  repeat  the  same  1904  i  r.*ve:;t  igat  ion  and  complete  a  formal 
analysis  of  both  data  sets. 

These  quest lonnai i os  have  been  answered  by  30  pilots  of  the  I*  Fighter  Wing,  chosen  at 
random.  All  respondents  wore  operational  pilots  from  the  two  squadrons  or  instructor 
pilots  at  the  CCU  squadron . because  there  is  a  relatively  high  turn-over  of  pilots  in 
the  King,  the  19e4  sample  group  was  not  identical  to  the  1900  group..  However,  they  were 
similar  in  the  most  important  way,  all  did  the  same  job  :  air  defence  missions. 

In  the  first  part  of  this  quest lonnai re  wo  surveyed  introductory  parameters  such 
os  ago ,  weight , height  3nd  total  F-16  flying  hours.  Later  sections  searched  for  causal 
factors  an.:  frequency  of  neck  injuries,  k'o  also  trier)  to  determine  the  different 
therapeutic  possibi 1 • tics  chosen  Ly  the  pilots  as  well  as  the  persistence  and 
frequency  of  occurence  of  their  nock  complaints.  We  also  investigated  the  existence  of 
a  physical  training  program  and  prefercd  sports  activities.  The  comfort  level  of  the 
present  1  lying  helmet  and  the  position  of  the  pi  lot  during  high  +Gz  maneuvers  were 
survpufH , 

B FAULTS 

1  ,  Gene  ra  1  i  n  forma  tier.. 

The  thirty  respondent  pilots  from  the  1“  Ft:  over  aged  4S0  total  F-16  hours  in 
1504  and  739  hours  in  1988.  In  a  normal  flying  day,  they  Hew  one  mission  with  a 
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duration  of  approxinati vol y  one  hour.  Exnrcice  tasking  increased  the  operational  sor¬ 
tie  level  tc  2  per  day,  and  OC'J  IPs  occasionally  flew  3  missions  per  day.  In  1904  the 
pilots  reported  reaching  an  average  high  *Gz  peak  level  of  +  7  Gz ,  five  times  during 
a  mission  with  2  periods  of  high  sustained  Gz  for  more  tom.  15  seconds.  In  the  1988 
survey,  the  aveiuyfe  high  ■+  Gz  peak  level  decreased  to  •*-  6.4  Gz,  but  with  6  occurrences 
during  a  mission  and  more  than  3  periods  of  high  sustained  4  Gz. 

The  average  age  from  the  sample  of  1984  was  30.5  years  with  a  minimum  of  22  and 
a  maximum  oi  4^  years.  In  19G9  the  average  age  was  32  years  with  a  minimum  of  22  and 
a  maximum  of  44  years.  Subdividing  the  camplogroup  into  3  age  subgroups,  we  have  in 
1984  13  pilots  in  the  group  20  -  29  years,  11  between  30  and  35,  and  6  pilots  more 
then  35  years  old.  In  1900  12  pilots  fell  in  the  first  group,  9  in  the  second  group, 
and  9  in  the  third  group.  The  yearly  t lying  time  was  very  low  in  1904,  averaging  125 
hours  for  a  squadron  pilot  to  150  hours  for  an  OCL’  IP.  In  1588  the  squadron  pilots 
averaged  170  hours  whale  the  OCU  IPs  flew  more  than  25C  h?urs  a  year. 

2.  First  incidence  of  neck  pain, 

In  1984  *13  out  of  30  pilots  reporter!  corvicalgias  incidents  since  beginning  fiy-r.g  the 
F-16  in  the  1  FK,  In  six  cases  the  first  incident  had  a  sudden  onset  and  2  pilots 
noticed  an  irradiation  of  the  pain.  Two  other  pilots  described  the  pain  as  incapacita- 
t ing  and  stated  that  they  were  forced  to  abort  their  missions,  feeling  that  the  pain 
jeopardized  flight  safety.  Three  other  pilots  reported  continuing  their  mission,  but 
wi  :.h  a  limitation  in  aircraft  maneuvering,  while  7  others  flew  the  scheduled  mission 
with  only  minor  distraction  from  their  neck  pain.  The  pain  persisted  in  most  cases  from 
2  to  4  days  but  only  50  percent  of  the  pilots  sought  medical  attention.  These  pilots 
were  grounded  for  an  average  of  4  days  with  a  treatment  consisting  of  rest,  k^nesie- 
therapy  and  occasionally  a  myorolaxant  and/or  an  anti-inflammatory  drug  prescr i pt ion . 
The  average  age  of  the  pilots  with  ccrvicalgia  was  31.5  years;  the  average  age  of  those 
without  neck  cam  was  29,7  years.  Statistical  calc..'  Lion  ii.  thic  small  sample  group 
and  between  the  age  subgroups  showed  this  to  be  of  no  statistical  s i gni f icance . 

In  1588,  16  pilots  reported  having  neck  problems  in  flight.  One 
pilot  suffered  his  first  incident  performing  as  a  student  pilot  his  initial 
training.  The  15  ethers  reported  their  first  neck  injury  flying  the  T-16.  As  in  1984 
50  percent  of  the  coses  involved,  noticed  a  sudden  onset  of  the  pain,  however  there 
were  no  reports  oi  an  irradiation  of  the  pain.  The  injury  persistence  was  about  the 
some  as  in  3  984  .  Two  pilots  also  reported  that  the  intensity  of  the  pain  was  so 
incapacitating  that  they  had  to  abort  their  mission.  Only  50  percent  consulted  the 
flight  surgeon  and  these  were  treated  in  a  similar  manner  to  1984.  statistical  analysis 
of  the  pair,  group  and  the  non  injury  group  average  ages  (33  and  31  respectively) 
revealed  no  statistical  sigmt  icance. 

3.  Subsequent  injuries 

About  50  percent  of  the  pi  lots  surveyed  in  1984  and  1988  complained  of  injuries  in 
flight  every  month.  20  percent  reported  weekly  injuries  and  1  pilot  complained  of 
encountering  neck  problems  each  flight.  These  cervical# las  were  generally  associated 
with  a  7  G  loading  and  not  only  interfered  with  the  pilot's  concentration  during  his 
mission  but  also  with  Jus  off  duty  life  as  well.  Here  also,  preferred  nodical,  treat¬ 
ment  was  physiotherapy  although  some  pilots  admitted  seeking  manual  therapy. 

'Jhe  intensity  of  the  pain  was  in  most  cases  not  as  severe  as  the  first  injury,  and 
the  pain  usually  exceeded  after  a  night's  rest. 

4 ■  Cony  position  during  high  4  Gz  maneuvering. 

With  few  exceptions,  the  majority  of  the  pilots  reported  never  usinq  the  headrest  of 
the  A  CL'S  IT  ejection  seat  during  combat  maneuvering.  As  a  technique  to  protect  their 
neck,  some  filets  positioned  their  beads  just  prior  tc  a  high  -  G  turn  and  changed 
the  fCCifiOii  ui  tneir  head  only  after  unloading  the  aircraft.  Other  pilots  supported 
thew  .head  with  the  ieft  hand,  the  left  arm  pinned  with  the  elbow  on  the  left  "towel 
rack".  Others  wedge  their  head  during  high  G  maneuvers  in  the*  space  between  tne 
canopy  ar.d  the  edge  of  the  headrest  of  the  ejection  seat,  facilitating  the-  pilot's 
check  ot  his  six  o’clock  position.  Another  technique  consisted  of  leaning  a  bit 
forward  and  starting  to  turn  the  toiso  from  the  waist.  This  increased  the  six  o’clock 
coverage  as  well,  and  was  sometimes  aided  by  [Hilling  with  the  left  hand  on  the  right 
"towel  rock”. 

3 .  Flying  he  1  me t . 

In  1908,  a  substantial  number  of  our  pilots  still  wor"  the  flying  helmet  HGU/2  AP,  a 
custom  tittcd  UGU/26P.  The  total  weight  of  the  helmet,  oxygen  mask  and  double  visor 
assembly  included,  is  between  2  kg  and  2.2  kg  varying  directly  with  the  helmet  size. 

In  both  questionnaires,  this  flying  helmet  was  generally  condemned  by  the  pilots. 

Ik  sides  the  heavy  weight,  the  upwards  vision  is  restricted  under  heavy  G  load  due  to 
the  helmet's  tendency  tc  slip  forward.  This  particular  flying  helmet  has  been  recoc- 
nizcd  as  a  serious  defioncy  for  a  decade  by  pilots  in  the  1“  r;. .  A  new  light  weight 
helmet  i$  scheduled  be  -fell ‘.vied  during  the  first  half  of  1989. 

6 .  Pilots  and _ physical  fitness. 

In  t.ho  1934‘s  survey  only  20  out  of  30  pilots  reported  tegular  pa  r t i cipat ion  m  sports 
activities.  Favourite  sports  were  tennis,  swimming,  walking,  jogging  and  squash  and  to 
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a  lesser  degree  cycling,  soccer .  power  t  ras  n  mg  and  volley-ball.  In  198C  only  50  percent 
of  our  pilots  had  a  regular  sports  program.  Pail  of  thu  decrease  can  be  explained  by 
an  increase  in  the  above  35  age  group  comoarod  to  1904  (9  versus  3),  but  even  in  the 
younger  group  between  2?  and  ?S :  4  Out  of  the  12  surveyed  pilots  reported  having  no 
regular  physical  eonui  1 1- .« mg  piogL.T..  X  .rticipntion  in  a  sroervi  nod  sports  activity 
has  not  been  mandatory.  However,  each  squadron  has  its  own  NCO  srorts  instructor  avail¬ 
able,  who  can  advice  and  a.rsist  the  pilots  during  sports  activities. 

PI SCU5S7QK 

Neck  injury,  in  this  particular  sample  gioup  01  fighter  pilots  in  an  F-16  an 
detor.ee  wing,  has  been  a  very  common  occurrence.  50  percent  of  sampled  p:.  lots  reported 
neck  pain  in  flight  and  70  percent  from  these  pilots  encountered  this  problem  or.  a 
regular  basis.  Within  this  sample  ot  30  p.ilnir  we  could  not  find  a  statistically 
signigican*  positive  correlation  between  the  age  of  the  pilots  and  the  appearance  of 
neck  problems,  a  finding  backed  by  the  personal  observations  of  the  flight  surgeons. 

Ihc  majority  of  the  pilots  treated  for  neck  injuries  have  boon  young  trainees  in 
the  OCU  squadron,  i.e.  pilots  with  a  limited  experience  in  ACM.  Older  pilots  with 
Tore  experience  in  ACM-ering  have  developed  a  higher  si t uafc Lonal  awareness  that  allows 
them  to  predict,  and  counter,  their  opponents  maneuvering.  'Ihcse  earlier  reactions 
can  often  be  done  at  lower  G  leading  than  a  maneuver  initiated  at  a  later  time  during 
the  fight  sequence,  rurther  by  trial  and  error,  most  of  the  cxpei lenced  pilots  have 
developed  a  protective  technique  for  their  nock  curing  a  dog  fight. 

However,  in  a  fight  between  two  equally  skilled  F-16  pilots,  the  fight  will  generally 
be  won  by  the  pilot  With  the  best  physical  conditioning;  the  one  best  able  to  sustain 
the  high  G  loading  without  G-loc  and  with  strong  developed  nock  muscles  necessary  to 
Keep  his  target  in  sight  during  high  C  maneuver  inn.  Thu  data  analysis  also  revealed 
that  ceruc.ilnias  in  a  I1PA,  the  HAF  r-16,  after  ten  years  experience  m  an  air  defence 
role,  nio  not  as  frequent  as  in  the  early  years.  This  is  duo  to  many  factors  and  we 
would  caution  the  pilot  population  that  wearing  a  light  flying  helmet  is  not  a  pnnacea. 
Although  n  significantly  reduces  the  load  factor  for  the  cervical  spine,  it  will  not 
o leno  nrcvjui.  :  "rurity  from  serious  neck  injuries.  A  conscientiously  followed  neck 
exercising  program  ;  :  the  best  guarantee  for  avoiding  serious  nock  injuries  i n  hPA  and 
making  such  a  program  monda-w. y  w^uld  undoubted  ameliorate  this  situation. 

hurl/  special  emphasis,  is  the  A.“~k  oi  a  single  reported  case  oi  serious  struc¬ 
tural  injury  to  the  spiral  column.  In  ten  yt«fcs  oi  F-lG  ti^mg,  involving  almost 
55. HOC  (lying  hours,  only  two  case -s  s£  serious  mur-cul  i- 1  igamenlai  i*  neck  injuries  veto 
encoutored  that  needed  mere  than  4  weeks  to  recover.  Our  fight  population  has  boon 
spared  the  injuries,  like  herniated  nucleus  nulposus  or  cervical  compression  fractures, 
diagnosed  in  other  countries  f lying  HP A  like  the  F-16. 

Keck  injuries  would  appear  to  be  a  res1,  occupational  hazard  lc:  fighters  pilots 
i  lying  HPA.  Long  term  comprehensive  studies,  assessing  the  possible  cumulative  effects 
or  repetitive  high  C-  loads  ot:  the  cervical  spine  during  a  career  ot  10  or  20  years  in 
the  F-16  are  in  order.  Towards  that  end,  the  DAK  Medical  Service  started  in  19G4  taking 
cervical  spine  X-rays  of  all  pilot  candidates.  The  aim  is  to  repeat  those  X-rays  every 
5  years  and  compare  the  results  of  F-16  pilots  with  a  conti ol  group  of  pilots  net 
flying  tno  F-16.  The  target  survey  study  will  bu  extended  in  the  future  to  the  tactical 
r  —  1 G  hinge.  although,  having  a  primary  air  to  ground  role,  they  perform  air  to  air 
missions  on  limited  basic. 

A  futui  development  warranting  concern,  is  the  proponed  use  of  the;  helmet  mount  rj 
diin’cy  whose  addition,.]  weight  could  offset  any  gains  received  by  the  light  we*qnt 
helmet:  urrently  being  Purchased.  Without  proper  attention  from  the  Aerospace  Medical 

community.  Dr.  Vanderbcck ‘ s  statement,  foreseeing  the  cervical  spine  as  the  high  G 
"i.'rok  link*1  of  the  human  system  could  well  become  reality. 
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DISCUSSION  PERIOD  1 


Van  den  Biggclaar,  Netherlands 

I  have  a  question  lor  Dr  Vandcrheek  about  his ‘interesting  presentation.  His  figures  are 
made  up  from  three  sections:  the  F5  population,  the  Fl5  and  the  P16.  Did  you  include  the  pilots 
flying  in  the  high  G  aggressor  role  ir.your  F5  population?  That  is  the  F51i  I  believe. 

Major  Vandcrheek,  USA 

Yes,  the  operational  F5  wing  was  the  aggressor  squadron. 


Dr  Von  Gierke,  USA 

What  percentage  of  your  pilots  can  relate  their  injury  to  a  very  specific  exent  or  G 
manoeuvre,  and  what  percentage  had  it  only  after  long  exposure  to  the  flying  cnvuonment? 

Major  Vandcrheek.  USA 

I  did  not  ask  them  to  relate  their  injury  to  a  specific  in  flight  occurrence  so  I  cannot  answer 
that.  If  you  ask  them  what  manoeuvres  or  neck  positioning  results  in  injury  they  would  almost  all 
say  either  checking  6  o'clock  (or  4  or  5  o’clock)  or  moving  their  head  under  high  G  loading.  Most 
pilots  will  have  a  specific  head  movement  that  they  will  not  do  ever  again  because  they  know  that 
spot  will  cause  a  rcinjury  similar  to  one  in  the  past. 


Col  Hickman,  USA 

1  had  one  or  two  questions  1  would  like  to  ask  all  three  of  the  last  participants.  1  was  struck 
by  the  fact  that  after  an  acute  injury  almost  everyone  continued  to  flv,  noth  in  that  engagement 
and  with  multiple  following  engagements.  In  addition  they  subsequently  flew  other  missions.  How 
many  of  you  are  aware,  as  operational  flight  surgeons,  how  often  an  aircrew  member  decides  to 
knock  it  off  during  the  mission  and  stop  flying?  It  must  be  extiemelv  rare. 

Answer 

Yes  it  i.>  very  rare.  I  have  only  known  of  one  individual  pilot  who  called  knock  it  off*  at  the 
time  of  his  injury,  most  will  defer  that  information  until  they  get  down  on  the  ground  or  a  few  days 
later  when  they  may  relate  it  to  their  flight  ’mates’. 

Answer 

We  have  a  love/hate  relationship  in  the  flight  surgeons  office  and  I  think  a  lot  depends  on 
the  confidence  level  the  pilots  have  in  the  flight  surgeon.  I  think  another  important  component  is 
the  importance  of  accomplishing  the  mission  and  filling  the  training  slots.  The  weather  is  not  a 
big  factor  in  Arizona  but  the  curriculum  is  run  at  a  nigh  n;»ce.  so  the  instructors  arc  reluctat'd  U) 
abort  a  mission  because  their  neck  is  is  injured.  They  will  not  cone  and  tell  you  unless  you  are 
hanging  down  at  the  squadron,  and  you  nonce  the  guys  are  walking  around  and  moving  their  necks 
and  shoulders  as  a  unit.  Then  you  approach  them,  nut  that  is  generally  your  only  clue. 


Van  den  Biggelaar.  Netherlands 

Way  back  in  19H2/3  the  Tib  Medical  Working  Group  was  founded  by  colleagues  in  the 
NATO  nations,  flying  the  F16.  Neck  problems  were  discussed  in  this  group  many  times  and  woe 
even  challenged  in  official  papers.  As  I  recall  it  in  one  paper  in  1985  the  pilot  population  was  not 
prepared  to  discuss  neck  problem.;  at  all;  they  would  much  rather  not  go  to  the  flight  surgeon  in 
order  not  to  be  washed  out  from  flying.  But  therr;  was  a  problem,  right  from  the  beginning 


Capta.n  Brooks.  Canada 

I  am  curious  to  know  if  you  did  a  control  study  and  took  a  look  at  a  matched  group  of.  say. 
groundcrew  to  see  if  sports  or  anything  else  was  possibly  making  this  a  bigger  problem? 

Arswer 


No  I  did  not. 


Col  Asichcn,  CiAl 

C'ol  Scliall  you  wetc  showing  some  of  your  slides  ol  the  115  shoeing  that  they  have  gtips  u> 
stabilise  the  position  ot  the  pilot;  on  the  other  hand  they  might  mislead  into  the  wrong  position.  In 
earlier  aircraft,  the  1:4  lor  instance,  the  pilot  had  a  better  position  when  lie  tlics  and  turns  and 
pulls  G.  1  know  the  G  onset  rate  is  not  as  high,  but  have  you  c\cr  discussed  the  opet ational 
requirement  versus  the  medical  requirement  to  have  a  pn>per  position  and  not  using  these  grips  to 
position  yourself  in  the  wrong  place  whilst  you  ate  pulling  high  G 

Col  Schall.  USA 

To  specifically  answer  your  question.  No  we  have  not  discussed  proper  positioning  in  the 
cockpit.  Most  of  the  pilots  learn  this  on  their  own  while  they  go  through  w  hat  we  call  R  I  U 
training,  which  is  the  training  they  tet  in  the  particular  aircraft  or  weapons  system  they  arc  being 
trained  in.  In  the  examples  trial  1  snowed,  not  all  pilots  use  the  handle.  Many  pilois  will  position 
their  hand  onto  the  plexiglass  of  the  canopy  and  use  that  tu  brace  thenisebcs  to  look  out.  So  it  it 
happens  to  be  convenient  to  use  the  hand  noUS  they  will  but  not  everyone  docs  that. 


Van  den  Biggelaar,  Netherlands 

The  problem  with  the  pilot  is  that  he  docs  not  really  care  about  his  neck,  he  cares  about  bis 
enemy.  He  wants  to  sec  his  enemy  hctorc  he  shoots  him.  In  other  types  of  aircraft  to  the  l  lt>  you 
don't  really  need  to  brace  yourself*. 

Answer 

I  might  just  add  that  it  is  becoming  more  popular  to  acquire  the  target,  turn  youi  head  hack 
and  forward,  apply  the  G  as  desired,  release  the  G.  turn  your  head  back  and  reacquire  the  target, 
thuis  becoming  more  accepted  as  a  preventive  measure. 


Ur  Von  Gierke.  I  SA 

I  would  like  m  ask  an  unfair  question  to  all  three  speakers  and  perhaps  to  Wk  GUr  Anton. 
Have  any  of  these  neck  injuries  been  implicated  in  accidents,  and  as  we  heard  at  oilier  AGAKD 
meetings,  checking  h  has  been  implicated  with  respect  to  G-LOC  One  is  not  quite  sure  if  it  adds 
to  it  or  not.  hut  1  guess  some  people  suspected  it.  Now  could  it  be  that  some  had  some  acute 
cervical  trauma  that  led  to  an  accident. 

Speaker. 

None  that  l  am  aw  are  of. 

Speaker. 

I  am  not  aware  of  any  specific  engagement  in  which  cervical  spme  trauma  has  been  listed  as 
a  primary  cause  of  an  accident.  However  in  the  first  case  that  1  presented  had  that  pilot  been 
flying  by  himself  he  would  have  been  destroyed  and  we  probably  never  would  have  known  the 
cause  of  his  accident. 


V/g  C’dr  Anton,  UK 

I  am  not  aware  of  any  cases  that  have  leau  to  an  accident  either.  But  I  think  it  is  of  note  that 
the  three  cases  we  have  had  in  the  Royal  Air  Force  where  people  who  have  hand  in-lligbt  neck 
fravtures.  have  always  been  the  non  flying  pilot  who  has  been  caught  unawares  The  circumstances 
of  the  flight  are  such  that  you  wouldn't  expect  it  necessarily  to  lead  to  an  accident. 


Col  Hickman.  USA 

It  is  clear  that  the  problem  is  very  under  reported  and  therefore  not  very  well  treated.  Hut 
suppose  that  with  a  major  educational  effort  a  higher  percentage  of  thses  injuries  were  reported  ‘o 
yen.  .  No  1  What  is  vour  threshold  for  removing  someone  from  the  cockpit  for  a  period  of  time. 
Suppose  that  we  had  better  reporting,  how  often  would  you  say  we  would  need  to  remove  someone. 
If  ufl  of  the  major  injuries  needed  to  be  grounded  for  a  while,  which  would  be  about  99c  in  three 
muiiiiis,  and  if  only  z5«.  of  r.li  the  rest  needed  to  he  grounded  we  would  be  removing  fnm  thr 
cockpit  maybe  209c  of  all  the  fighter  pilots  every  three  months  for  a  period  of  time.  No  1  What  is 
your  threshold  for  removing  people  from  the  cockpit  and  No  2  how  often  do  you  think  we  would 
nave  to  do  it  and  what  do  you  think  the  operational  impact  would  be. 


Speaker 

I  can  only  speak  for  myself.  My  criterion  for  removing  a  pilot  is  based  on  his  range  ot 
motions  and  I  have  them  demonstrate  that  to  me  at  the  office.  Obviously  this  is  not  under  G 
loading,  but  one  frequently  gets  a  chance  to  fly  with  these  people  if  there  is  any  question  about 
»heir  neck.  At  the  nasc  1  was  stationed  at  we  had  quite  a  laiee  number  of  two  seat  aircraft 
available  so  scheduling  a  two  scat  aircraft  to  do  this  was  not  a  problem,  although  1  did  not  have  to 
do  that.  !  think  the  approach  to  education  is  a  two  prong  approach.  Firstly  you  need  to  educate 
the  aircrew  and  secondly  you  need  to  educate  the  flight  surgeons  th  it  arc  taking  care  of  them.  1 
think  that  most  of  the  flight  surgeons  I  came  into  contact  with,  did  not  have  an  appreciation  fo  the 
loading  the  cervical  spine  can  tolerate  in  various  positions  and  sustain  injury.  This  certainly 
generates  other  areas  of  controvery  as  *o  the  iolc  of  cervical  spine  screening  and  we  as  1  light 
surgeon-  try  to  he  advocates  for  the  pilots  and  1  try  to  tread  very  carefully  we  don't  necessarily 
want  to  subject  a  bit  of  pilots  to  myelograms  and  other  types  of  studies  that  are  invasive;  u;id  >vi 
we  want  to  be  an  advocate  for  them,  if  they  have  an  injury  we  want  to  protect  them. 

Speaker 

1  haven't  thought  about  that  question  a  lot  as  tar  as  a  specific  threshold  is  concerned  I 
think  it  would  hase  to  be  developed  individually  with  each  pilot,  based  on  his  functional 
capability,  and  I  have  not  really  ihought  about  how  1  would  determine  whei her  or  not  it  was  safe  to 
fly  or  not.  Once  he  demonstrated  functional  capability  1  would  probably  recommend  a  mui- 
demanding  sortie  fu.*  a  couple  of  fides  to  make  sure  that  the  assessment  was  in  fact  realistic. 


<  ol  Hickman.  USA 

Yes  I  think  that  is  really  important  it  we  arc  going  lo  say  that  we  have  an  epidemic  it  ought 
to  be  based  on  things  we  would  ground  people  1  or. 


Wg  Cdr  Anton,  UK 

I  think  Dr  Hickman's  nnint  is  an  interesting  one.  Ore  of  the  things  we  see  with  our  aircrew 
flying  Hawks,  very  few  ot  wiioni  will  go  anywhere  near  the  doctor  with  neck  injury,  is  that  they 
reschedule  their  program  amongst  themselves,  and  so  if  an  instructor  has  got  a  relatively  painful 
neck  that  seriously  limits  bis  flying  his  colleague  will  shift  into  hi>  slot  tor  a  day  or  two  and  he  will 
go  and  do  another  job  m  the  squadron.  What  we  don't  know,  and  what  is  I  think  perhaps  the  really 
interesting  question,  is  if  von  take  an  exercise  and  fly  people  in  combai  sorties  tjjiy  after  day,  how 
many  people  aie  going  tube  generated  by  day  2  or  1  I  think  that  is  the  question  that  still  remains 
to  be  answered. 


Speaker. 

I  would  like  to  comment  having  just  Mown  in  these  kind  of  exercises  and  taken  care  ol  an 
I- 15  crew,  deployed  in  that  type  of  environment.  My  personal  observation  is  that  it  was  not  a 
problem  although  they  generated  quite  a  few  sorties  a  tiay  for  each  of  the  different  days  nf  the  war. 
in  various  types  ot  em  ironment  both  air  to  air  and  air  to  ground  it  did  not  seem  to  he  a  problem. 


Speaker. 

I  would  just  like  to  add  *c  that  that  at  my  base  we  took  two  weeks  and  flew  nothing  hut  clean 
I ]t)\  and  flew  pure  air  to  air  BFM  manoeuvres.  After  the  first  3-4  days  there  were  several  pilots 
who  were  glad  that  their  4  day  experience  had  ended  so  they  could  rest  tor  the  weekend  to  prepare 
thcii  necks  for  the  second  week  of  the  exercise.  What  the  impact  would  be  in  a  rcu!  combat  I’m  not 
sure,  but  it  is  r.omewhat  cumulative  over  time  for  repetitive  close  in  flights. 


Professor  Snijdsrs,  Netherlands 

I  have  a  question  for  Dr  Bicsetnans,  it  concerns  his  statement  when  he  emphasised  the 
importance  of  exercise  fitness.  In  general  1  agree  that  fitness  would  be  a  good  protection  against 
this  sort  of  complaint.  In  the  case  of  the  neck  load  we  must  realise  that  beside  the  influence  of 
gravity  and  high  G  load,  muscle  forces  are  added  on  to  bony  structure  and  soft  tissue,  .no  by 
increasing  muscle  strength  in  the  cervical  aic-ii  iiicn  ot  course  u  can  shift  tiic  problems  ot  muscle 
fatigue  and  muscle  soreness  and  it  shifts  to  overloading  the  soft  tissues  and  bony  structures.  Do 
you  have  any  epidemiological  for  evidence  that.  What  is  your  comment  on  that. 


Dr  Biescinans,  Belgium 

No  we  don't  have  an  epidemiologic  study.  Wc  v'ere  astonished  to  learn  that  so  few-  of  our 
pilots  were  doing  a  physical  fitness  program. 


ni  4 


Dr  l.andoh,  Canada 

While  Col  Schall  and  Majo'  Vanderbeek  are  there  1  would  like  to  ask  a  question  about  the 
*ge  factor.  Vanderbeek  found  it  to  be  dependant  but  Col  Biescnian  found  that  there  was  no 
factor.  Do  you  have  any  comments. 

Dr  Bicscman,  Belgium 

Yes  but  we  have  only  a  very  small  group  of  course.  But  in  the  sample  we  surveyed  we  could 
find  no  significance. 

Majoi  Vanderbeek,  USA 

Well  perhaps  it  just  is  that  I  had  a  much  laiger  sample  and  it  was  only  noted  in  the  major 
injury  category.  It  was  not  demonstrated  in  the  mnor  injury  category  or  in  the  overall  summation 
of  any  injury  vetsus  no  injury.  It's  a  fairly  soft  finding.  I’m  not  sure. 
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Hamid  T.Andenun  M  I> ,  Ph  i).,  I)  Sc..  D.Av.Mcd 
Duvctor,  RNoAi-  Institute  of  Aviation  \1: -liciiic 
P.O.  Box  14.  Blmdcm.  03 1 3  -  O.slo  3 
Norway 

INTRODUCTION 

Neck  injury  with  associated  pain  in  the  cervical  spine  and  itd  supporting  structures 
of  ligaments  and  muscles  are  frequent  complaints  among  aviators  flying  high  performance 
fighter  (HPF)  air  craft.  Two  rec«?nt  surveys  conducted  among  air  crew  of  the  United 
States  Air  Force  (USAD  and  the  United  States  Navy  (USN)  ,  respect,  i  vely ,  report 
incidences  of  neck  pain  incurred  during  flight  of  approximately  50  and  75  per  cent  in 
these  two  HPF  pilot  populations  (Knudson  at  al  1988,  Vnnderbeek  1968). 

Muscular  pain,  ruptured  ligaments,  sliding  vertebrae  and  compression  fractures  have 
been  described  resulting  from  violent  manoouvor ing  during  HTF  air  combat  exercises 
(Andersen  1988).  The  cervical  spinal  column  carries  a  heavy  load  during  high-G 
accelerations  supporting  the  head  and  various  pieces  of  personal  flying  equipment. 

This  top -heaviness  is  expected  to  increase  further  with  night  vision  goggles  and 
integrated  Wi-apon  systems  control  devices  added  in  an  attempt  to  extend  operable 
conditions.  Moreover,  since  the  aeromodical  emphasis  has  been  on  developments 
supporting  card io-vascul ar  and  respiratory  functions,  the  neck  und  the  delicate 
structures  of  vessels  and  nerves  running  with  it  are  becoming  increasingly  vulnerable 
to  damage.  Literary  speaking,  the  neck  has  become  pinched  between  the  desire  to  add 
weight  to  the  head  for  purposes  other  than  protection,  and,  the  support  to  cardio¬ 
vascular  and  respiratory  organ  systems  which  allows  additional  intensity  and  time 
sp«*r.t  during  excursions  into  the  high-G  enviroment. 

For  these  reasons,  and  because  the  vertebral  column  is  relatively  inaccess lbl e  to 
clinical  examination,  the  medical  selection  procedures  for  military  flying  training 
with  the  Royal  Norwegian  Air  Force  (RNoAF;  were  extended  some  years  ago  to  include 
a  series  of  roentger.  films  of  the  vertebral  column  with  ompnasis  on  the  ccrvica 1  spine . 
Our  main  findings  and  their  consequences  for  admission  tc  military  flying  training 
arc  presented  in  this  paper. 

MATERIAL  AND  METHODS 

During  the  past  4  years  radiological  examinations  have  been  carried  out  on  232  appli¬ 
cants,  221  males  and  11  females  19-24  years  old.  The  radiological  examination 
consists  of  9  films: 

The  cervical  spine  frontal  and  lateral  view  with  left  and  right  obliques  added,  the 
cervico-thoraci c  area  in  oblique  projection,  and,  the  thoracic  and  the  lumbar  spine 
viewed  frontally  and  laterally.  If  indicated,  functional  films  with  flexion  and 
extension  of  the  cervical  column  were  made.  Likewise,  "scot ty-dog “  projections 
would  bo  indicated  if  apondy lol/s is  with  or  without  olisthosis  were  suspected. 

The  cervical  films  and  that  of  the  cervico-thorecic  area  are  made  standing  up,  those 
of  the  thoracic  and  lumbar  spine  are  taken  in  the  supine  position. 

The  medical  personnel  involve  1  has  been  limited  to  3  specialists  in  radiological 
diagnostic  procedures,  and  4  technicians  all  of  whom  received  additional  training  in 
order  to  ensure  good  quality,  standardized  films. 

One  major  concern  introducing  the  programme  outlined  has  been  to  reduce  radiation  as 
much  as  possible  by  limiting  the  population  exposed.  For  this  reason  the  radiological 
examination  comes  at  the  end  of  the  medical  selection  procedure. 

The  applicants  thus,  passed  psyc-uoiog  lea  i  testing,  admission  interview:,  and 

physical  examination,  bt.fuit  meeting  the  Air  Force  Board  of  Medical  Selection  for 
military  flying  training.  Presently,  only  those  who  meet  the  criteria  for  flying  HPF 
aircraft  are  admitted.  Consequently,  fewer  than  10%  of  the  applicants  go  on  to 
radiological  examination.  Therefore,  it  is  reasonable  to  expect  that  the  selection 
procedure  -  as  a  biproduct  -  provides  a  basis  for  determining  the  normal  distribution 
of  radiological  diagnoses  oi  the  spine  in  the  asymptomatic,  healthy  population  of 
young  adults  in  the  country. 

RESULTS 

Analyses  of  the  films  revealed  527  aberrations,  76  anomalies  «A) ,  81  degenerative 
changes  (0)  and  370  aberrations  of  posture  (C) ,  2.27  diagnoses  per  x-rayed  spine,  on 
the  average. 

The  distribution  of  positive  findings  among  the  three  major  subdivisions  of  the 
vertebral  column  shows  141  conditions  referred  to  the  cervical  spine,  173  located 
in  the  thoracic  coLumn  with  the  remaining  213  deviations  appearing  on  the  .lumbar  films. 
It  appears  that  anomalies  (A)  are  rrre  in  the  cervical  column  and  to  some  extent  also 
in  the  thoracic  spine,  but  they  are  rather  frequently  scan  in  lumbar  vertebrae. 
Degenerative  changes  (B)  occur  in  t-wn  thoracic  p-'.rt  oi  tl.v  vertebral  column  with  a 
frequency  2lmost  twice  that  observed  in  any  of  the  ether  subdivisions  of  the  spine. 
Slight  t.o  moderate  postural  changes  (C)  are  evenly  distributed  among  the  three  main 
parts  of  the  vertebral  column. 

The  roentgen  changes  described  have  been  sunmar i zed  in  Table  1. 

Among  significant  anomalies  it  appears  that  ransitional  vertebrae  are  relatively 
common  and  equally  distributed  between  the  thorauico-.lumbal  (9,0%)  and  the  lumbo¬ 
sacral  area  (8.6%).  Postural  aberrants  were  frequently  observed  as  well,  with  slight 
scolioses  and  straightening  of  curvatures  affecting  a  much  larger  number  of  the 
candidates  than  Ip'perky  fosis  and  -lordacis.  Degenerative  changes  of  the  thor  icic 
spine  are  largely  due  to  juvenile  kyfosis  or  Mb.  Scheuermann  in  these  young  adults 


with  trapezoid  vertebra*,  reduced  disk  height  and  a  rugged  appearance  of  the 
horizontal  outline  of  corpora,  all  of  these  changes  affecting  at  least  three 
adjacent  vertebrae  in  order  to  satisfy  the  criteria  for  diagnosis.  Moreover,  micro¬ 
herniation  of  the  nucleus  pulposus  (Schmorl 1 s  nodes)  is  frequent  in  the  thoracic  and 
the  lumbar  spine. 

Reduced  disc  height  affected  almost  18%  of  the  candidates.  Spondylolisthesis  with  or 
without  olisthesis  was  seen  in  12  individual',  corresponding  to  5.2%  of  the  applicants. 
The  total  of  numbers  tabulated  deviates  somewhat  from  those  given  in  Fig  1,  the  reason 
being  differences  between  radiological  interpretation  of  visual  images  relative  to 
their  significance  for  the  selection  procedure.  Since  the  films  were  meticulously 
scrutinized  by  radiologints  well  aware  of  the  purpose  for  which  the  examination  was 
performed,  any  however  slight,  deviation  from  normal  status  described  has  been  included 
in  Fig  1.  But,  if  uncertainties  of  a  finding  was  entertained,  differences  cf  opinion 
expressed  as  to  minute  details  or  if  vague  language  such  as  "possible  normal  variants" 
or  "within  normal  limits''  were  used  by  the  radiologists,  the  films  have  been  regarded 
as  negative  in  this  population  of  otherwise  healthy,  asymptomatic  young  men  and  women. 
Therefore,  Table  I  and  Fig  1  may  be  looked  upon  as  complimentary  by  giving  the  rninimax 
limits  of  significance  of  the  roentgen  changes. 

Using  this  line  of  argument,  it  turns  out  that  the  film  series  made  from  76  of  the 
candidates  would  be  regarded  as  negative.  Among  the  156  others  the  Medical  Selection 
Board  accepted  131  and  excluded  25  from  military  flying  training.  Twenty  ware 
rejected  due  to  roentgen  diagnoses  alone,  the  remaining  5  were  excluded  due  to 
multiple  causes  among  which  the  radiological  excamination  was  one  important  factor 

IFig  2) . 

DISCUSSION 

Disorders  of  the  vertebral  column  due  to  occupational  wear  usually  do  not  become 
manifest  until  middle  age.  However ,  frequent  and  extreme  loading  of  the  spine  ovet 
years  as  is  the  case  in  HPF  flying,  constitute  a  chronic  strain  which  may  accelerate 
disease  processes  of  the  spine  even  to  the  extent  of  causing  sudden  incapacitation. 
Unfortuneately ,  the  correlation  between  symptoms  and  roentgen  findings  is  not 
definite  in  spinal  disorders.  This  problem  becomes  additionally  augmented  when  a 
healthy  population  of  asymptomatic  individuals  is  studied  in  order  to  reveal 
clinically  significant  roentgen  changes  or  to  predict  future  functional  excellence. 
Thus,  the  radiological  evidence  has  to  be  interpretea  with  great  caution.  Observing 
these  limitations  of  the  data  so  far  collected,  certain  guidelines  may  be  useful,  for 
the  purpose  of  medical  selection,  keeping  in  mind  that  for  the  time  being  the  prog¬ 
nostic  considerations  are  necessarily  based  on  knowledge  projected  from  the  patient 
community  or  to  an  apparently  healthy  population. 

Because  of  its  great  flexibility,  the  cervical  spine  is  predisposed  to  injury  from 
forceful  movements.  Consequently,  pathological  changes  in  the  cervical  column  are 
looked  upon  as  being  particularly  unfavourable.  Therefore,  a  rather  restrictive 
policy  h a?  been  pursued  in  order  to  avoid  candidates  with  increa-sed  risk  of  incurring 
a  cervical  syndrome  due  to  flight  in  HP^  aircraft. . 

Any  anomalies  or  pathological  changes  from  disease  or  injury  which  may  contribute  to 
reducing  the  stability  of  the  cervical  spine  further  or  cause  a  narrowing  of  the 
intervertebral  foramina  or  the  spinal  canal  are  considered  disqualifying.  Aberrant 
curvatures,  particularly  these  which  might  give  rise  to  increased  torque  forces  are 
noted  and  will  bo  added  to  any  other  existing  deviation  described. 

Transitional  vertebrae  which  account  foL  most  of  he  anomalies  described  in  the* 
material  presented  here  arc  accepted  although  the  lever  arm  of  tho  affected  subdivision 
of  the  spine  become  increased.  Additionally,  the  unilateral  contact  of  asymmetrical 
lumbar  sacralization  which  increases  torque  forces  with  consequent  strain  on  the  spine 
and  risk  of  disc  herniation  above  the  anomaly  is  nevertheless  acceptaole  as  solitary 
phenomenon . 

No  candidate  in  this  highly  selected  population  had  developed  aberrations  of  posture 
to  the  extent  of  being  rejected  fur  this  reason,  but,  deviating  curvatures  have 
contributed  to  a  negative  conclusion  at  final  evaluat.on. 

A  few  candidates,  cases  of  conspicuous  roentgen  changes,  were  rejected  due  to 
"Scheuermann-changes" . 

Occupational  health  programmer  have,  no  doubt,  expanded  the  medical  indications  for 
diagnostic  procedures  which  at  one  time  wore  exclusively  reserved  for  patients 
suffering  from  illnes  or  at  least  presenting  with  symptoms  suspoctive  ol  disease. 
Aviation  medicine,  fer  example,  is  a  large  consumer  of  medical  services  in  order  to 
predict  and  prevent  disease  among  aircrew.  Although  it  is  obviously  justifiable  to 
perforin  advanced  diagnostic  procedures  in  order  to  exclude  applicants  from  undertaking 
a  task  which  might  prove  harmful,  medical  intervention  may  create  a  problem  rather 
than  solve  one  if  the  predictive  value  of  the  tests  preccibed  is  low. 

Therefore,  a  close  follow  up  of  populations  exposed  to  examinations  is  obviously 
required. 
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Roentgen  Changes 

Anomalies 

Cervical  fused  vertebrae  2 

Thoraco-lumbal  transitional  vertebrae  21 

Lumbo-sacral  transitional  vertebrae  20 

Extra  vertebrae  8 

Spina  bifida  49 

Total  *  fi)I 

Aberrations  of  vosture 

Scoliosis  95 

Curvatures  straightened  out  89 

Hyperkyfosis  /-lordosis  35 

Total  “  219 

Degenerative  changes 

Spondylolysis  /-oils thesis  (5+7)  12 

Seq  Mb  Scheuermann  36 

Sehmorl's  nodes  34 

Loss  of  disc  height  41 

Osteochondrosis  9 

Trapezoid  vertebrae  16 

Previous  injury  10 

Operated _ 2 

Total  160 

Sum  Totals  4eo 

HTA  -  89 

-  TABU  I  - 


RADIOLOGICAL  EXAMINATION 
CONSEQUENCES 


Applicants,  total  number  232 

Negative  films  -  "Normals"  76 

Acceptable  radiology  131 

Excluded  by  radiology  only  20 

Excluded,  radiology  contributing  5 


HTA  -  89 
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Summary : 

The  curvature  of  the  cervical  spine  in  lateral  view  is 
discussed  and  a  method  baser-,  on  digital  statistical  analysis 
is  used  to  reproduce  quantitative  data  of  the  curvature. 

Part  I  is  a  study  based  on  the  lateral  view  in  the  neutral 
position  in  142  aviators.  The  radiograms  are  divided  in  3 
main  group:  1)  Normal  cervical  lordosis.  2)Marksd  straightening 
of  the  cervical  spine.  3)Segmental  straighten! no  with  reversal 
of  the  curve.  Part  II  discusses  the  use  of  thedigital  analysis, 
to  determine  the' displacement  in  subjects  that  have  sustained 
ligamentous  injuries  of  the  cervical  spine  following  whiplash 
injury. 


The  ncrmal  curvature  of  the  cervical  subdivision  of  the  vertebral 
column  is  a  smooth  lordosis. 

After  trauma  changes  of  curvatures  are  frequently  seen,  and 
straightening  of  the  cervical  spine  is  often  assumed  to  be 
attributed  to  muscular  tension  following  trauma  to  the  neck. 

This  seems  to  be  a  very  common  finding,  however,  a  normal  curvature 
usually  returns  as  the  symptoms  subside.  These  quantitative  measure¬ 
ments  of  change  of  curvature  correlate  well  with  clinical  symptoms. 

We  have  made  an  attempt  at  using  a  method  based  on  digital  statistical 
analysis  in  order  to  obtain  reprcducable  quantitative  data  of  the 
curvature  found  in  the  normal  group  of  subjects. 

Our  re  alts  have  beer,  obtained  by  applying  the  digitalizing  method 
to  a  material  consisting  of  142  aviators  and  a  smaller  group  of 
subjects  with  documented  injuries  to  the  cervical  spine. 

The  digitalizeu  statistical  analysis  of  the  base  line  data 
has  been  performed  at  the  Armstrong  Aerospace  Medical  Research 
Laboratory,  Wright  Patterson  Air  Force  Ease. 


Tie  x-rays  films  that  forms  the  basis  for  this  study  ha'ie  been  taken 
and  supplied  by  the  Radiology  Department,  Oslo  Emergency  Medical 
Center,  Oslo  City  Hospital. 


The  study  is  reported  in  two  parts: 

Part  I:  A  study  of  changes  in  the  curvature  of  lateral  X-rays  of 

the  cervical  spine  in  neutral  position  is  discussed. 

Patt  II:  The  use  of  the  digitalized  method  in  patients  that  have 
sustained  ligamentous  injuries  with  instability  following  whiplash 
injuries  is  reported. 


Method 

The  method  involves  accurately  plotting  the  outline  of  each  vertebrae 
in  the  cervical  spine  and  some  bony  prominencies,  giving  an  outline 
of  the  spine.  At  the  same  time  it  has  been  possible  to  arrive  at 
accurate  measurements  between  bony  structures. 

Due  to  enlargement,  in  spite  of  standard  distances,  subsequent  X-rays 
will  be  comparable  by  using  a  correction  coefficient  so  that 
fine  adjustments  can  be  made  by  using  stable  bcny  structures  as  land 
marks  to  allow  for  such  changes. 

The  degree  or  depth  of  the  cervicaL  curvature  is  a  function  of  the 
curve  produced  by  the  cervical  bodies  in  a  lateral  view  in  a  neutral 
position.  Such  measurements  can  be  obtained  by  drawing  a  straight 
line  from  the  superior  posterior  aspects  of  the  odontoid  process  to 
the  posterior  inferior  corner  of  the  body  of  the  seventh  cervical 
vertebrae. 

The  line  tracing  the  posterior  vertebral  bodies  will  usually 
produce  a  crescent  shaped  line  corresponding  to  the  curvature  of 
the  vertebrae. 

The  longest  perpendicular  between  these  two  lines  which  usually  falls 
in  the  vicinity  of  C4  will  give  a  measurement  of  the  depth  of  the 
cervical  spine. 

In  a  spine  with  marked  straightening  the  measurement  will  be  close 
to  zero.  In  a  normal  curvature  with  retained  lordosis  this  value 
will  be  positive,  in  most  studies  a  mean  value  of  1 1 , 8  mil  1 imecers. 

In  a  spine  with  a  reversal  of  the  curvature  a  negative  number  has 
been  reported. 


Part  I 


We  have  subjected  the  lateral  cervical  view  in  neutral  position 
to  digitalized  analysis  of  142  aviators.  All  subjects  were  fighter 
pilots  with  logged  flying  time  from  various  fighter  planes  including 
the  F-1Q4,  F-5  and  F-16.  We  have  tr.  this  study  iisced  the  findings 
to  tit  into  the  three  main  groups  defined  above, 


We  have  no  information  of  previous  injury,  and  all  aviators  were  fit 
for  fly  mg.  We  have  assumed  that  osteochondrosis  and  degenerative 
changes  are  related  to  the  age  of  the  individual.  Moreover, 
we  have  assumed  that  the  age  of  the  individual  is  related  to  the  length 
of  the  flying  time.  As  in  most  air  forces  some  senior  officers  still 
maintain  flying  status  in  the  RNoAF . 

We  have  divided  radiograms  into  three  main  groups: 

1 )  Normal  cervical  lordosis 

2)  Marked  straightening  of  the  cervical  spine 

3)  Segmental  straightening  with  reversal  of  the  curve  of  the 
cervical  spine. 

Out  of  the  142  aviators  63,3k  had  normal  cervical  lordosis. 

26,81  shouad  straightening  of  the  cervical  spine,  and  9,9%  showed 
segmentaL  straightening  with  reversal  of  the  curve. 

The  average  age  of  for  these  three  groups  showed  no  significant 
difference  -  26,4  -  26,8  -  26,1  years  as  average. 


Discussion 


This  is  in  accordance  with  other  studies  that  supports  the  view 
that  the  documented  changes  are  within  normal  limits  and  that  these 
changes  can  not  be  used  as  a  criterion  suggesting  pathological  changes 
in  the  cervical  spine. 


Part  II 

Flexion  injuries  are  not  uncommon  in  aviation  medicine  and  has  been 
recorded  in  accelleration  of  high  intensity  from  positive  to 
negative  G.  One  of  the  authors  of  this  presentation  sustained  such 
an  injury  in  the  passenger  seat  of  a  F-16  during  a  sudden  and 
unexpected  evasive  manoeuvre. 

In  this  second  study  we  have  examined  individuals  that  have  been 
subjected  to  whiplash  injuries.  It  is  assumed  that  the  mechanism  of 
the  extension/'fiexion  movement  of  the  cervical  spine  in  this  injury 
is  well  known. 

However,  in  modern  cars  the  headrests  are  fixed  with  an  upper 
border  above  the  level  of  the  external  ear.  This  may  to  some 
extent  reduce  the  extension  movement  and  perhaps  increase  the 
momentum  of  the  forward  flexion  of  the  neck  at  the  time  of  injury. 

It  is  expected  that  this  trauma  may  produce  injury  to  the  posterior 
ligament  complex  including  the  supraspinous  and  intraspinous  ligament. 
Rupture  of  the  posterior  part  of  the  intraspinous  disc  with 
haemcrrohage  may  occur  and  predispose  to  later  degenerative  changes. 

When  such  injuries  are  suspected  a  functional  study  of  the  cervical 
spine  should  be  made. 

a)  The  most  consistent  finding  is  that  the  space  between  the 

spinous  processes  at  the  level  of  injury  is  greater  than  the 
interspinous  distances  above  and  belov  the  affected  level. 


b)  A  horisontal  displacement  of  the  adjacent  vertebrae 
in  flexion. 

c)  Marked  limitation  of  movement  of  segments  of  the  cervical 
spine  is  a  finding  suggesting  injury. 

Therefore,  suggestion  of  segmental  straightening  of  the  cervical  spi 
with  reversal  of  the  curvature  may  be  indicative  of  such  a  lesion 
following  injury,  and  a  functional  examination  of  the  lateral  view 
of  the  cervical  spine  should  be  undertaken. 

There  is,  however,  an  interesting  detail  that  involves  the  point 
of  inflection  between  the  two  curves  formed. 

The  point  of  inflection  may  conincide  with  the  displacement  of  the 
apophyseal  joints  and  may  be  explained  in  the  following  manner. 
Capsular  ligaments  of  the  apophyseal  joints  are  dense  fibrous 
structures,  providing  stabilization  and  limit  the  horizontal  dis¬ 
placement  of  the  adjacent  vertebrae.  Therefore,  damage  to  the 
capsules  allows  forward  displacement  of  the  crainal  facet  surfaces, 
with  loss  of  parallelism  of  the  articular  surfaces  and  widening  of 
the  joint  spaces  posteriorly. 

These  changes  are  demonstrated  using  the  same  digitilized  analysis 
method,  demonstrating  a  displacement  as  indicated  above. 


Discussion 


The  advantages  of  this  method  art  accurate  and  objective  mesasure- 
ments  of  the  displacement  of  the  cervical  spine. 

Detailed  objective  measurements  between  subsequent  X-rays  studies 
may  be  obtained  by  adjusting  for  slight  degrees  of  enlargement  by 
compensating  through  fixed  bony  land  marks. 

What  is  perhaps  even  more  important  is  the  fact  that  these  accurate 
measurements  may  prove  extremely  valuable  in  producing  objective 
measurements  of  minute  but  gradual  changes  that  occur  in  degenerativ 
disorders  of  the  spine.  This  will  allow  us  to  study  consecutive 
series  of  films  over  a  longer  time span  and  may  provide  us  with  an 
accurate  measurement  of  the  development  of  ostechondrosi s  in  the 
cervical  spine  and  how  this  may  be  affected  by  trauma  or  of  change 
that  occur  due  to  the  farces  that  the  cervical  spine  is  subjected  to 
for  instance  by  high  G  forces. 

Changes  in  the  cervical  spine  may  be  recorded  in  relationship  to 
time  sc  that  we  may  be  able  to  evaluate  the  rate  of  development 
of  ostechondrosis  eit 
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SUMMARY 


Thirty-one  pilots  who  have  been  subjected  to  a  repetitive  +  Gz  environment  were 
evaluated  clinically  and  r oent genogr aphica 1 1 y  against  age  and  sex -mat ched  controls, 
Analyses  demonstrated  significant  deterioration  in  the  young  pilot  groups  compared  to 
controls  in  terms  of  neck  range  of  motion,  osteophytic  spurring  at  C5/C6  and  disc 
space  narrowing  at  CA/5  and  C5/6,  While  the  pilots  remain  relatively  asymptomatic 
during  their  flying  career,  they  may  be  at  greater  risk  for  symptomatic  cervical 
disease  later  in  life.  The  «Gz  environment  appears  to  play  a  role  in  an  accelerated 
rate  of  cervical  osteoarthritis  in  high  performance  pilots.  This  must  be  taken  into 
consideration  when  systems  that  will  increase  the  longitudinal  impact  load  on  the  neck 
are  being  contemplated. 


There  is  an  increasing  need  to  evaluate  the  progressive  nature  of 
musculoskeletal  disorders  affecting  the  neck.  Jn  our  practice,  we  have  seen  s>  ✓eral 
retired  pilots  who  have  presented  with  symptomatic  cervical  osteoarthritis  witn  no 
history  of  specific  neck  trauma  or*  or  off  duty.  This  led  us  to  wonder  whether 
repetitive  +Gz  forces  applied  to  the  neck  during  many  years  of  flying  high  performance 
aircraft  might  result  in  a  progressive  cervical  osteoarthritis. 

Tfiis  paper  attempts  to  establish  that  progressive  cervical  ost  eoar  t  hi  i  t  ic 
changes  occur  in  pilots  exposed  to  a  repetitive  +Gz  environment  as  compared  to  an  aqe 
matched  control  population  with  or  without  clinical  manifestations. 

There  is  a  reluctance  in  the  Canadian  Forces  pilot  community  to  see  the  flight 
helmets  increased  in  weight.  They  appear  to  feel  that  such  a  weight  gain  will 
decrease  the  comfort  of  the  helmets  and  increase  the  problems  with  neck  pain. 

MATERIALS  AND  METHODS 

Thirty  one  pilots  were  evaluated  with  an  age  range  of  32  years  (23  veai s  to  55 
years)  and  a  high  performance  flying  experience  ranging  from  2*0  to  7»200  hours. 

Pilots  from  various  age  groups  volunteered  for  the  study  after  heing  given  assurance 
that  the  medical  data  obtained  would  be  used  for  statistical  purposes  only  and  would 
not  allow  us  to  identify  an  individual  participant.  Individual  radiogr aphic  and 
clinical  findings  were  discussed  with  pilots  at  the  conclusion  of  their  pa- t ic ipat ion 
in  the  stuoy. 

Fifteen  controls  who  were  age  and  sex  matched  were  also  evaluated.  The 
controls  were  also  members  of  the  military,  but  did  not  fly  aircraft.  For  purposes  of 
radiographic  analysis  the  data  was  also  compared  to  a  larger  age  and  sex  matched 
control  available  from  f he  literature  (1). 

Clinical  history  and  physical  examination  was  carried  out  by  one  or  the  orher 
Of  the  authors  using  a  uniform  checklist  technique  requesting  wherever  possible  a 
yes/no  response  or  nor ma 1 /abnor ma 1  physical  finding.  Neck  range  of  motion  was  graded 
as  0  for  normal,  -1  'or  25*  decrease,  -2  for  50*  derrea-e,  -3  for  75*  decrease  and  -A 
for  total  lack  of  motion  measured  in  each  of  six  planes;  flexion,  extension,  right  and 
left  rotation  and  right  and  left  lateral  flexion.  Doth  history  and  physical 
components  uf  the  clinical  exam  were  scored  out  of  a  possible  50  points.  Abnormal 
findings  resulted  in  a  lower  score  that  Is,  a  normal  history  and  physical  exam  would 
result  in  a  perfect  score.  Aonor ma 1 1 t ies  were  scored  by  deducting  points  from  the 
total  score.  History  of  neck  incidents  were  recorded  as  total  number  of  incidents 
during  or  within  48  hours  of  a  flight.  Non-flight  related  neck  incidents  were  also 
recorded.  Individual  observations  of  the  Pilots  with  respect  to  neck  incidents  and 
history  were  also  recorded  and  will  be  summarized  in  narrative  form. 

poentgenographic  assessment 

ap  and  lateral  cervical  vIpwc  taken  of  all  par  f  i  c  ipdni  s  using  a  consistent 

radiographic  technique.  The  body  of  C7  was  included  in  all  films.  X-ray  films  were 
read  separately  by  two  radiologists  who  were  blinded  as  to  whetner  the  X-ray  films 
were  of  pilots  Or  controls.  The  X-ray  films  were  then  evaluated  for  tf>e  following 
parameters;  cervical  curvature,  par avertebral  soft  tissues,  vertebral  body  height  at 
C3  to  C7,  osteaphytic  spurring  at  C3  to  C7  and  disc  space  narrowing  at  C3/4,  to  C6/7. 
Each  criterion  was  assigned  a  designation  of  normal,  mild,  moderate  or  severe  with 
abnor  ma  1 1 1  i  es  being  awarded  a  graded  negative  score  resulting  in  lower  overall 
scores.  Each  category  was  tabulated  numerically.  Total  possible  correct  score  was 
50.  Ini er -relator  reliability  was  evaluated  between  the  radiologists  and  was  found  to 
vary  betwseen  o  and  8*. 


Chi  square  and  "♦  Ttst"  analysis  did  not" 
between  ttu  radiologic  evaluators. 


demonstrate  any  Significant  difference 


Statistical  evaluation  of  pooled  history  and  physical  results  as  well  as 
selected  age  subgroups  were  carried  out  using  the  Student's  "1  test1'.  Variance 
analysis  was  also  carried  ou*  on  pooled  and  selected  subgroups  of  radioqrannic 
finings  »c  test  for  significant  differences  in  soft  tissue  or  degenerative  changes 
between  control  and  Dilot  age  subgroups  as  well  as  he’ ween  pilot  age  subgroups.  The 
age  rangrs  used  ■  or  subgroup  analysis  were  ?f»-2°  years,  30-39  years  and  40-53  years. 


RLSU'.TS 


The  total  number  of  high  performance  jet  flying  hours  was  83,735  with  a  mean 
flying  experience  of  2685  hours  t  1923  hours  ( *  1501.  As  might  he  expected  thrre  was 
an  increase  in  the  nunher  nr  flying  hours  with  ag»*.  (Table  11.  The  mean  ages  of  the 
Dilor5  vs  controls  show  a  good  match  in  t  tip  30-55  year  subdrtnj0S.  Unfortunately  no1 
enough  controls  were  acquired  m  the  70-29  year  suhqroup.  (Table  21.  t”or  purposes  at 
effective  evaluation  our  pilot  date  was  Compared  with  age  and  sov  matched  data 
previously  published  (1).  Comparina  our  control  da’ a  with  the  ag«  ann  sex  matched 
published  control  data  snowed  no  significant  difference.  This  suggested  that  trie 
pilot  data  could  be  effectively  compared  against  the  published  control  data. 

Table  1:  Pilo*  Flying  Demographics 


nge  Group 

Number 

Mean  f lying  Hour s 

*  15. D. 

7!T79 

8 

630.  6 

+.  489 

30-39 

i? 

7329. 7 

1  691 

40-55 

11 

4567. 3 

♦  1  7?5 

fit 

31 

2685.  0 

+  1923 

Tahlo  2 : 

Pi  lot /Con. r ol  Demogro 

phi  cs 

Ay*  Subgroup 

Number 

Mean  Aqe 

H  1 5.  0. 

( Ynar  si 

( Years) 

?n-29  Mi  lot 

8 

75.  1 

"2-  5 

Control 

1 

24.  O 

- 

30-39  Pilot 

12 

34.  t 

2.  5 

Control 

7 

3  3.  ? 

3.  6 

40-55  Pilot 

11 

47.  5 

7.  0 

Control 

5 

45.  0 

3.  0 

All  ages  Pilot 

31 

36.  7 

10.  0 

Cont  rol 

13 

37.  3 

7.  p 

The  history  data  did  not  show  anv  siqnir'icsn*  ui  •  f«*i  tnuir  between  the  pilot  and 
co.Prhl  qrouns  etther  as  pooled  data  or  in  various  subgroups.  Tnere  a  suggestion 
that  complaints  of  neck  and  per  1 scapu 1 ar  pain  as  well  as  symptoms  cf  neck  stiffness 
and  credit  us  may  hov?  been  reported  more  frequently  amony  ri  lot's  versus  controls  hut 
this  trend  was  nut  ?t  at  {  <r  \  r.  a  \  1  y  significant. 

There  were  virtually  no  volunteered  complaints  of  sensory,  motor  or  vascular 
Changes  suggestive  cf  a  radiculopathy.  No  history  of  posterior  circulatory  symptoms 
or  gait  or  bladder  symptoms  ,uggestjv>*  of  a  myelopathy  were  found  in  this  population. 

live  pilots  ( 1 6% )  in  t no  sample  have  had  <m  aircraft  mishap  involving  cither  a 
forced  landing  or  ejection.  All  bad  some  incident  of  neck  discomfort  but  it  war 
self-limited  in  all  cases.  A  total  of  ?2  (71^)  of  thp  pilots  related  an  experience  of 
ncik  symptoms  3  J.t  hei  c-nce  m  many  times  Lasting  from  hours  to  months.  However  in  all 
C.V-**R  except  t  hu ,  the  symptoms  were  sel  f -1  im  i  t  i  ng.  The  most  common  situations  leading 
to  necu  pain  appear  to  he  the  following: 

1  Air  Combat  Missions  (ACM).  In  this  situation  especially  in  defensive 
mai.oRyvi'Ps,  repetitive  pulling  of  -*C  in  a  5.0  to  B.  5  G  envelope  is  carried  out 
O'  er  a  period  of  rime.  mi*  V  5  usually  associated  wi*h  otrnpr  mr.  i  n*  a  i  n  i  ng  nr 
moving  t  hs  neck  in  v  x  tens  i  on/ 1  a*  or  a 1  flexion  rfijring  the  -G  turn  i1.  order 
maintain  visual  contact.  Most  pilots  are  w*l!  aware  of  a  phenomenon  referred 
to  as  "ACM  neck".  This  refers  tQ  nock  bain  experienced  diri.-.j  nr  after  an  ACM 
flight.  An  exercise  program  of  neck  range  of  mot  ion  and  isometric  neck 
strengthening  is  carried  out  to  minin' zc  these  symptoms.  Again  in  virtually 
all  eases  *h?  neck  symptoms  ai  •*  solf -1  i  mi  t  i  ng. 

2.  "Passenger"  Situations.  This  seems  to  cause  the  mos*  serious  sub  Ject  i  ve 
sequelae  and  was  commented  or-  by  pilots  and  navigator.  When  an  aircrew  is 
riding  as  p  rassenger  there  are  situations  whe1 e  +G  is  pulled  by  the  "driver" 


<»- 


an*1  not  anticipated  by  the  passenger.  This  has  resulted  in  the  passenger 
sustaining  a  %  dden  longitudinal  impart  to  the  neck  without  benefit  of  muscular 
tension  providJng  protection.  It  takes  the  neuromuscular  apparatus  at  least  75 
milliseconds  t 1  prepare  reflexively  for  an  impulse  load  and  absorb  energy  by 
muscle  lengthening. (2) ,  The  pilot  knowing  that  he  is  going  to  initiate  the 
manoeuvre  has  time  for  the  protective  response  tg  take  place. 

3.  Aircraft  Mishaps.  No*  unpredict  ably*  ejections  and  forced  landings  formed 
the  next  most  common  cause  of  neck  symptoms.  Of  the  pilot  sample  there  were 
two  cases  of  cervical  r an icu 1  apathy  as  demonstrated  by  EMG  changes,  both  uf 
these  cases  were  jn  air  crew  over  the  agp  of  50  years. 

The  physical  examination  component  for  the  most  part  also  did  not  demonstrate 
significant  differences  between  the  pilot  and  control  groups.  Sensory  examination  to 
pinprick,  light  touch  <mu  vibratiun  (256  Hz)  as  well  as  detailed  upper  extremity  motor 
exam  looking  at  muscle  huik  and  static  strength  tesM  ]  fallen  to  demonstrate  any 
significant  difference.  A  positive  Horner's  test  was  not  seen  in  any  study 
participants  and  Spurling's  test  was  negative  in  all  cases  except  for  ‘tic  two  cases  of 
documented  cervical  radiculopathy.  Upper  extremity  reflex  assymmerry  was  se^r.  in  a 
few  pilots  and  controls  hut  did  not  demonstrate  significant  difference  as  a  possible 
differentiating  tool  between  pilot  and  control  samples. 

The  only  examination  process  riemonstrat  i  ng  significant  difference  ( p  <..05)  was 
in  neck  range  of  motion.  Pilot*  in  the  30-39  age  group  had  significantly  rrrjuced 
right  and  left  lateral  neck  flexion  compared  to  control  (two  toil  t  test).  This 
significance  was  carried  through  evaluation  of  all  six  plann*  of  range  of  motion  hut 
was  made  up  primarily  Of  riv?  lateral  flexion  components.  (Graph  1).  The  maximum  neck 
range  of  motion  less  seen  in  our  sample  group  was  7b%. 


ROi1,6  planes,  by  age  group 


GRAPH  1 


O  pilots 
controls 
|  std  error 


one N TcciuCiror  nui C  F-  INDImGj 

five  parameters  wore  evaluated  on  the  AP  and  lateral  cervical  film*.  in  this 
study,  no  significant  difference  was  seen  between  controls  and  Pilots  for  vertebral 
body  heights  or  par  aver t eor a  1  sott  tissue.  Both  of  these  parameters  were  essentially 
normal  i  *•  dll  pa- Mcioam  s.  In  terms  of  loss  of  the  normal  cervical  lordosis  there 
was  evidence  of  this  occur ing  in  the  pilots.  However  due  t0  the  lack  of  controls  in 
the  younq  age  group  we  were  unable  to  carry  out  a  correlative  analysis  between  pilots 
ann  controls.  An  interesting  trend,  although  not  analyrahle,  was  that  loss  of  the 
normal  cervical  lordosis  seemed  to  occur  more  frequently  in  the  yoinq^r  actively 
flying  pilot  groups  and  that  the  cervical  lordosis  was  closer  to  normal  in  the  oiler 
Dilo»  grnuo  made  up  predominantly  of  pilots  not  currently  flying. 

The  parameter  of  Of.teophy  f  i  c  spurring  did  show  a  number  of  interesting 
finding*.  There  w3s  no  significant  difference  between  pilots  and  control  nroups  at  C3 
or  Ca  at  C 7.  However  at  C5  and  C6  there  were  marked  differences.  The  pilo*  grojp  at 
::0-39  showed  significantly  more  ostecphytjc  spurring  at  both  levels  than  did  either  of 
1  n<.  control  qroups  (d<.05,  t  test  7  tail).  Of  interest,  although  the  pilot  agr- 

oroun  shn  wprl  nnrp  rhannp^  than  t  Kt.  t  n  _  q  g ""  c  u  P  the  C,  'i:  r  r  -  ~  ^  -  —  u  b  - -  I 

trie  pilot  and  control  groups  at  the  AO-55  age  group  was  not  nearly  as  marked 
While  there  was  an  ovctall  r  adioqr  anhir  deterioration  with  gqe,  the  rate  of 
deterioration  was  more  marked  for  the  pilot  during  the  fourth  decade  and  more  marked 
for  the  controls  during  the  fifth  and  sixth  decades.  (Graph  2) 
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Disc  space  narrowing  showed  similar  trends.  Tnere  were  no  significant  changes 
noted  at  the  C3/4  level  in  any  of  the  subgroups.  At  the  C$/7  level,  some  disc  space 
narrowing  was  noted  with  increased  agf  but  there  was  no  significant  difference  between 
Pilots  and  controls  at  any  of  the  age  subgroups.  At  r  he  C4/5  and  C5'6  level  there  was 
a  strong  significant  difference  between  pilots  and  controls  all  ayp  groups  (p<0l) 
demonstrating  more  oisc  space  narrowing  among  the  pilots  versus  control  groups.  The 
study  demonstrated  significant  oiffer cnees  especially  in  the  younger  age  groups  20-29 
and  30-32  (p«05).  The  control  groups  had  virtually  no  disc  space  narrowing  present  at 
these  levels  as  opposed  to  the  pilot  groups.  l he  differences  berweeen  the  pilot  and 
control  group  was  still  significant  in  the  40-55  agp  grour  but  the  trend  was  not  Quite 
as  marked.  Both  40-55  age  groups  demonstrated  evidence  of  increased  disc  space 
narrowing  with  age  at  these  lev  el s . ( Gr sph  31  The  findirgs  of  disc  space  narrowing 
most  prominant  a1  Cft/5  and  C5/6  as  well  as  osteophyte  changes  at  C5  and  C6  are 
consistent  with  the  findings  of  other  studies  (1,2,3). 
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DISCUSSION 

Pilots  of  high  performance  aircraft  are  subjected  to  3  number  of  unique 
environmental  stresses  o.  a  result  of  a  repetitive  *G2  environment.  One  of  the 
particular  long  ter"»  hazards  of  this  environment  would  appr  ir  to  be  an  accelerated 
cervical  osteoarthritis  starring  at  a  surprisingly  young  age.  Tne  fact  that  •■he  rate 
of  changes  are  most  pronounced  in  the  young  age  groups  who  are  currently  flying  and 
less  pronounced  in  the  older  non-flying  population  group  also  suggest  that  the  changes 
st en  are  Cue  to  tha  flying  envii  enment .  it  may  also  suggest  that  the  rate  of  changes 
slow  down  once  5  pile*  iz  no  longer  flying.  The  other  finding  of  this  data  is  rhat 
the  changes  are  not  resulting  in  significant  clinical  manifestations  Ju*.  i*‘.g  the  active 
flying  portion  of  the  pilot’s  career  with  the  excepfin>  of  diminished  cervical  range 
ol  motion.  Thus  the  pilots  are  unaware  of  the  cervi.ca  deterioration  taking  place 
until  somewhat  later  in  life,  if  at  all. 

Articular  carriage  is  highly  vulnerable  to  impact  loading.  This  accounts  for 
the  h*gh  frequency  o’  osteoarthritis  related  to  joint  overload  as  in  shojldec  and 
elbows  of  pneumatic  drill  operators  ana  baseball  pitchers,  ankles  of  oallet  dancers, 
r.ieraca'-pa  I  pha  1  angpa  1  joints  of  boxers  and  knees  of  basketball  players.  (2).  This 
would  also  account  for  the  changes  seen  in  the  necks  of  high  performance  pilots. 
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The  major  forces  on  articular  carMlaQe  results  not  from  weight  beating  but 
from  contraction  of  the  muscles  tn?t  stabilize  or  move  the  joint.  The  major  factors 
♦  hat  atterijate  shock  delivered  to  the  joint  appear  to  be  join!  motion  and  the 
associated  lengthening  of  muscles  under  tension  3s  well  as  deformation  of  the 
subchondral  hone  under  loan  (2). 


The  t *o  major  etiologic  factors  resulting  in  cervical  joint  degeneration  in 
aircrew  of  high  performar.ee  aircraft  would  appear  to  be  '  unant icipat ed*  impulsive 
loads  and  muscle  fatigue.  As  discussed  earlier  aircrew  in  a  "passenger"  role  may  be 
subjected  to  a  sudden  impact  loading  witnout  the  benefit  of  protective  neur omuscu 1 ar 
preparation  for  shock  absorption.  The  deleterious  effect  of  this  has  been  extensively 
studied  in  passengers  sitting  in  motor  vehicles  involved  in  low  impact  -ear -end 
collisions.  (2,4,5)  Situations  leading  to  cervical  muscle  fatigue  such  as  rFpefitivc 
+Gz  forces  over  a  period  of  time  will  also  impair  the  shock  absorbing  mechanism. 

Active  motion  under  control  cannot  cause  a  sprain  injury,  but  passive  motion  with 
force,  either  sudden  or  sustained  can  produce  injurious  effects  on  the  joint 
st ructufes. (4 ) .  excessive  loads  c;  j$e  microfractures  of  the  subchondral  trabeculae. 
These  change;  in  subchondral  t  me  produced  by  acrumluated  microtrauma  affect  the 
ability  to  aosord  vhe  enprgy  of  longitudinal  impulse  loadi  ng  of  the  joint  and  may 
♦hereby  lead  to  car’ilaue  degener 3 h i on (7 ) .  White  (5)  in  Ms  extensive  review  of 
"whiplash"  injuries  indicates  that  acute  so f '  tissue  cervical  injuries  with  later 
csteoar t hr  it ic  changes  are  typically  produced  in  motor  vehicle  reur-pnd  collisions 
whe-'i*  5  to  15  G  of  horizontal  acceleration  is  applied. 

Jackson  (6)  points  nut  that  C5/6  and  C4/S  are  moi  >?  vulnfvanie  to  s  *r  ess/st  r  ai  r* 
ar d  injury.  Osteophytic  spurring  is  found  most  frequently  at  C4fC5  and  C 6  (1,6,8). 
This  is  certainly  consistent  with  toe  findings  in  our  siudy. 

It  is  well  known  that  cervical  osteoar thr it ie  changes  occur  with  i  Teasing 
frequency  with  Increasing  age  in  symptomatic  and  osympt  oma  t  i  c  populations. 

(1,2, 7, 9, 9).  Or?  reference  (9)  places  toe  incidence  as  high  as  80S  by  age  55.  As 
well  lateral  neck  flexion  especially  in  mains  decreases  with  ggn  (10).  Radiographs  do 
not  indicate  tne  extent  of  the  acual  pathology. 

It  does  not  seem  that  thesn  chanqes  are  the  result  of  intrinsic  senescence  of 
articular  cartilage  but  rather  an  accumul^r ion  wirh  time  of  an  increasing  now be”  of 
mechanical  insults  to  tne  joint  (?,Jl).  Articular  cartilage  exhibits  a  fairly 
consistent  biochemical  composition  after  skeletal  maturity  with  no  lessening  of  rnc 
metabolic  activity  of  the  cells.  However  the  ability  to  witnstana  fatigue  testing 
diminishes  progressively  with  age.  (2) 

Lieberman  (9)  points  out  that  bony  changes  are  only  part  of  the  picture  in 
cervical  spondylosis  and  radiculopathy.  One  also  requires  biomechanical  effects  of 
altered  cervical  motion  as  well  as  circulatory  factors.  As  well  one  requires  a  narrow 
spinal  canal  for  symptomatic  cervical  spondylosis. 

Whir  we  cannot  prove  that  aircrew  in  this  environment  are  more  likely  to 
develop  symptomatic  cervical  conditions,  this  study  does  demonstrate  that  the 
observable  degenerative  changes  are  significantly  accelerated  in  a  young  pilot 
population.  ]t  seems  reasonable  to  assume  that  thjs  creates  an  environment  where 
symptomatic  cervical  conditions  arc  more  likely  *o  occur. 


As  the  force  of  impact  loading  is  3  function  of  the  number  of  Gz  and  the  weinht 
of  tne  hcad/hel/ret  system,  then  increasing  either  of  these  parameters  will  increase 
the  repetitive  longitudinal  impaci  load  on  the  neck.  This  will  likely  result  in  an 
increased  rate  of  deaentr  n  1 1  u?  ccr.'icol  ch  »•'.£•?»  dim  perhaps  result  in  an  increased 
incidence  cf  sympiomcMc  nocks  either  acuiely  Oi  long  term. 

In  liqnt  oi  this  caution  is  advised  when  considering  increasing  the  weight  of 
the  aircrew  helmets  fur  high  performance  aircraft. 
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Dr  Lundolt.  Canada. 

Dr  Andersen.  It's  almost  three  vears  ago  that  you  had  that  neck  ininry  in  the  I-'lftB,  are 
there  any  lingering  or  residual  signs  of  that  injury.? 


Dr  Andersen.  Norway. 

Yes.  I  have  a  very  tender  spot  where  the  ligament  ruptured.  There  is  no  doubt  that 
particular  injury  is  staying  with  me. 


Dr  Bishop.  Canada. 

I  would  like  to  ask  Dr  Gillan  a  i,u^>tion.  I  was  .  ath,  r  impressed  with  your  notion  of  the 
changes  in  the  neck  of  pilots  flying  bi*A  n*-nfor?i>am-e  aircraft,  as  a/,  cample  p *■. r I > a j » s  of  what  is 
known  in  industry  as  renetitiv<  strain  »-V-  ry.  What  suggestions  migh:  you  have  for  rc*!ucinc  the 
incidence  of  these  in  lignt  of  jome  ol  the  things  done  in  industry  to  reduce  repetitive  stu  in  injury  . 


Dr  Gillan,  Canada. 

That  is  an  extremely  good  question,  i  think  that  there  are  a  number  ot  ways  from  tiie 
physicians  point  of  view  that  you  can  look  at  that.  One  is  to  try  and  minimise  or  avoid  the  risk 
parameters  that  go  into  the  problcn:  in  me  first  place;  such  as  the  weight  of  the  helmet,  as  well  as 
the  G  envelope  that  is  r-.*cjired.  Tilts i  particularly  «s  unlikely  to  be  changed.  A  number  of  the 
pilots,  and  that  was  alluded  to  ,  in  this  mornings  paper  had  began  to  identify  corrective  techniques 
to  bring  their  neck  into  a  more  optimal  parameter.  The  one  that  was  described  to  me  was. 
especially  it*  the  ah  combat  manoeuvres,  to  try'  not  to  look  at  the  bogey  all  the  time,  but  rather  to 
take  a  fix,  renr.sition  votu  head,  pull  G.  relocate.  T  hat  is  certainly  healthier  from  ;he  point  of  view 
of  the  neck  but  I  can’t  comment  on  the  survivability  in  that  situation.  It  is  certainly  better  for  the 
neck  if  it  is  possible  to  maintain  visibility,  at  the  same  rune  as  trying  to  translate  some  of  the  Iotcc 
parameter*,  for  instance  from  the  occipital  area  down  to  the  shoulders,  and  bypass  the  neck. 
However  i  can’t  comment  or.  whether  tnat  engineering  feat  is  actually  possible  or  not.  it  would 
certainly  be  interesting  to  investigate,  and  one  of  the  paper:,  this  morning,  looks  at  some  of  these 
possibilities 


Col  Hickman,  IJ  SA. 

Dr  Oilier.,  your  paper  will  undoubtedly  he  widely  quoted  because  of  the  implications  for 
acceleration  ot  degenerative  disease  in  fighter  p-lots  and  in  that  regard  it  has  enormous  impact  in 
occupational  medicine.  With  a  sample  of  31  and  with  cvei  half  a  dozen  variables  I  am  concerned 
about  the  statistical  sample  required  and  the  power  ;hat  is  available  for  you  to  make  these 
conclusions.  In  particular  I  would  like  to  ask  whether  01  not  these  arc  radiographic  criteria  for 
which  you  have  stated  percentages  or  measurements  1  would  urge  you  to  make  suit  ilidi  everyone 
understands  what  percentage  you  would  have  considered  consiituies  a  significant  difference,  l  ur 
instance  in  vertebral  height,  what  constitutes  a  significant  Jiffrrer.ee.  because  mat  would 
constitute  the  sample  size  and  I  believe  it  is  incumbent  on  us.  before  these  studies  ate  widely 
quoted,  to  make  surf  that  the  sample  size  will  support  an  argument  of  this  size  especially  where 
percentages  are  involved-  You  could  easily  state  that  you  think  2(iCf  is  significant  or  we  think  ! Vc 
is  significant,  because  then  it  would  dictate  the  sample  m/c.  It  is  a  well  put  together  paper.  I  am 
concerned  about  the  sample  size  and  the  conclusion  based  upon  this  power. 


Dr  Gillen,  ('ana. ’a 

I  am  seeking  a  much  larger  sample.  I!  I  can  embellish  upon  that,  I  certainly  agree  with 
everything  you  say.  There  arc  a  variety  of  stages  ihat  can  be  done  with  clinical  studies.  The  f  :s. 
sten  is  to  do  a  sampling.  If  the  sampling  is  large  enough  to  give  you  some  statistical  validity,  well 
and  good,  but  a  sample  of  this  size  is  merely  that,  its  a  sample.  It  was  interesting  but  even  using 
low  number  variance  analysis  we  were  able  to  pull  out  statistical  significance,  but  I  would  agree 
that  the  interpretation  should  be  merely  to  provide  the  impetus  for  a  much  larger  study.  The  study 
was  tiding  to  do  a  number  of  things:  1 )  To  demonstrate  whether  there  v.as  something  there.  2) 
It  was  to  attempt  to  standardise  some  techniques  of  quantifying  looking  at  a  clinical  situation.  On 
the  basis  of  this  we  were  attempting  to  standardise  and  quantify  radiographic  techniques  as  well 
as  a  history  and  physical. 
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Introduction 

The  cervical  column  consists  of  seven  vertebrae  with  thirty-eight  joints.  The  head 
veiqhs  about  4flOC*  grams;  however,  the  musculature  of  the  neck  adds  considerably  to  the 
fi^c-ure  on  the  vertebral  column  by  tension  of  the  neck  muscles  for  they  function  as  the 
stays  of  the  nast  ol  a  ship.  71  is  adds  up  to  50%  of  the  al  weight. 

Head  mov-.M.'i nf b  a*e  by  changing  th«  alignments  of  th  cervical  vertebrse  that  link 

the  skuli  with  the  body.  Th-j  vveu.mts  are  controlled  by  the  activities  cf  more  than  20 
pmi s  ol  mueciee  that  link  the  skull,  the  3pinal  column  and  the  shoulder  girdle.  The 
biomerhanj cal  ..-ode!  of  the  heea-neek  system  pursuits  a  whole  spectrum  of  movements  in 
all  planes  of  motion  and  :'gr  a  variety  of  6peeds.  The  muscle  actions  are  constrained  by 
the  phyt  properties  of  rne  /eiteo.-al  column,  whose  articulations  differ  in  their 

ranges  and  diteclj-ns  ol  mobility.  This  model  has  three  types  of  elements: 

*he  fltxiole  fleam;  the  vertical  column  aown  to  the  upper  thoracic  area,  including 
the  soft  connective  tissues, 
the  rigid  mats  ot  ch-3  bead. 

-  tn>-  neck  muscle  complex,  divided  in: 

-  the  poftcrioi  mw, cl ct:  (>•••  scru  gpi  r.al  i capitic), 

-  tin?  auteraor-trarirverse  muscles  (m.  GVernoc  l  e  idomastoidouc  complex), 

-  the  posterior  transverse  muscle?  (m.  spl-nius), 

-  the  lateral  muscles  (n.  lcngisn imue  capitis). 

ot-yins  and  insertions,  axial  rotation  and  muscle  tension:;  car.  he  approx  i  mated  easily, 
so  that  tnc  rosilti-.g  po<’k  ptatjc-  toiyues  arc  compatible  with  the  known  torques  genera¬ 
te  d  voluntarily  in  various  di  recti  ons. 

All  typos  of  rotational  movements  can  he  pei'/ormed  with  this  construction  while  the 
axis  of  rotation  changes  automatically  with  changing  conditions.  Also  trana  i  v.i  onal  or 
sliding  Movements!  will  occur  automatically.  Most.  heac.  movements  are  made  while  using 
several  muscles  The  cooidi  n.u  ior.  of  these-  muscles  is  no:  clear,  as  several  neck  muscles 
can  rfhare  a  similar  pulling  direction.  T;»e  particular  role  played  by  a  single  muscle 
cannot  be  predicted  by  its  prlling  direction. 

The  neck  muscle  cyctem  has  e,oht  neural  controller  locations  and  e:ght  locations  for 
sci-'?ory  feed-back. 

With  regard  to  the  vest lbul u-spx nai  connections  two  majer  project ionr.  are  known: 

the  lateral  veaf.lbvl  p-b Pinal  tract,  originating  from  the  lateml  vcbUIjuU: 
nucleus  fDeit.ers),  arises  irom  neurons  which  receive  input  from  the  enttx  ioi 
veitrcal  semicircular  canals  and  lrcm  the  otolithc,  and  project  to  and 
excite  hcmolateral  doinal  neck  motor  neurons. 

the  medial  vos ti bulo-api _ne.l  tract  concains  multiple  components,  originating  from 
all  three  canals  and  otolith  orqans.  Tht  horizontal  canal  input  excites  contrala¬ 
teral  net  k  motor  neurons  and  inhibits  homol £>lei  a]  neck  motor  neurons.  The 
enter: cr  canal  input  excites  tho  conti alateral  dorsal  and  ventral  neck  motor 
neurons  and  inhibits  hon.olat^ral  ventral  neck  motor  neurons.  The  posterior  canal 
input  excites  ventral  neck  motor  neurons  and  inhibits  homolateral  dorsal  and 
ventral  Peck  motor  neurons  an-:  contralateral  dorsal  neck  motor  neurons.  Some 
neurone  hlso  mediate  otolith  input  to  inhibit  homolateral  neck  motor  neurons  and 
to  excite  as  well  as  irhibit  contralateral  neck  motor  neurons. 

Neurons,  both  fiorn  the  literal  ves  t  ibulo-r  pi  nal  tract  and  the  medial  vest ibulo-spinal 
tract  which  project  to  tie  neck  motor  r.euiona  also  send  brai'chos  to  other  levels  of  the 
spinal  cord  and  to  brainstem  nuclei  including  the  oculomotor  nuclei. 

The  motor  system  of  the  neck  can  he  considered  as  abundant  as  it  can  produce  the  same 
movement  using  an  infinite  number  oi  different  patterns  of  muscle  activation.  This 
means  that  the  systcr  uses  some  type6  of  optimality  cntfi.on  in  choosing  the  particular 
pattern 

Passive  rotation  of  the  head  ensue!-,  after  a  short  delay,  a  rapid  eyercover.ent  in  the 
direction  Of  the  head  rotation.  This  movement  originates  from  tho  sen ci reel ar 
system 

To  attain  the  visual  target  the  gaze  is  controlled  by  coorcii  nated  eye-head  movements. 
In  order  tc  control  the  position  of  the  visual  axis  precisely,  the  eye  and  hoad  positi¬ 
ons  are  monitored  by  corollary  discharges  that  calculate  an  internal  representation 
model  ov"  the  current  gore  pcs;;  ion.  This  is  compared  tc  the  desired  ga2t>  position  to 
yj eld  an  interns!  signal  specifying  gaze  position  errors.  Tecta- ref i eulo  spinal  neurons 
are  responsible  for  thus*  gate  signals.  The  superior  colliculus  plays  an  import.mc 
i  ol  e  in  the  coordination  of  ext;,  a  oc.llar  and  neck  muscle  commands. 

It  ie  clear  that  the  complicated  network  of  muscles  and  neural  mechanisms  makes  the 
cervical  area  vulnerable  to  traumata. 

Among  the  blunt  traumas  tf.  the  cervical  region  arc  the  accolerali on-deceleration 
accidents,  better  known  as  cervical  whiplash  injuries. 
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Since  tne  first  report  of  Gay  and  Abbott  in  1953  about  the  effect  of  acceleration 
traumata  cn  the  cervical  vertebral  column,  this  type  of  injuries  has  drawn  considerable 
attention. 

The  invention  of  traffic  lights,  an  increasing  use  of  automobiles  and  traffic  jams 
enh.  need  the  incidence  of  accidents,  especially  the  rear  end  collisions. 

When  the  human  body  in  sitting  position  is  exposed  to  a  blow  from  the  rear  the  trunk 
accelerates  tor  a  short  while  whereas  the  head  lags  behind.  When  the  head  etrucks  the 
head  support/  which  limits  the  extension  of  the  head,  the  next  moment  it  is  thrown 
forward  which  results  in  a  rather  6trong  flexion.  When  the  head  reaches  maximal  flexion 
a  swinging  force  stretches  the  cervical  column.  The  muscles  need  5-20  in  sec  for  activa¬ 
tion.  So  the  movement  is  completed  before  the  muscles  are  able  to  give  any  resistance, 
ae  the  incident  lasts  less  than  50  m  sec.  That  is  the  picture  of  the  mechanism  of  the 
cervical  whiplash  injury. 

Material 

In  the  vestibular  department  173  patients,  suffering  from  the  consequences  of  an 
acceleration  accident  of  the  neck  have  been  investigated  during  the  last  2  years. 
These  patients  were  aged  from  4  till  5G  years.  All  patients  acquired  the  trauma  at  an 
automobile  accident.  The  patients  vipited  the  department  because  of  persistent  com¬ 
plaints  as  headache,  dizziness,  tinnitus  and  visual  disturbances  In  all  patients  an 
ENT-inveetigaf ion,  audiometry,  vee tiLui ometry  and  visual  tracking  tests  were  perfor¬ 
med. 

Although  all  patients  had  the  type  of  injury  in  common,  combinations  of  complaints 
differed  considerably. 

The  complaints  are  given  in  table  1. 


173  patients  with  cervical  whiplash  lnlurles 


unconsciousness 

52 

30  % 

headache 

152 

88  % 

cervico-brachlalgta 

163 

94  % 

vertigo  -  dizziness 

136 

79  % 

tiredness 

118 

68  % 

memory  dllttcultles 

54 

3)  % 

dllllculty  in  concentrating 

49 

28  % 

depression 

38 

22  % 

irritability 

1 6 

9  % 

tinnitus 

62 

36  % 

visual  disturbances 

42 

24  % 

hearing  disturbances 

21 

12  % 

decreased  alcohol  intolerance 

23 

16  % 

table  l 

When  unconsciousness  for  more  than  15  minutes  following  the  accident  for  more  than  15 
minutes  occurred  the  development  of  psychological  problems  appeared  to  be  two  times 
higher. 

The  most  common  complaint  was  oerviou-brachial gia  which  appear  d  in  v4%  of  Lh«  patients. 
Headache  with  88%  and  vertigo  with  79%  are  well  represented  tow. 

All  these  complaints  did  not  show  a  consistent  character.  Free  intervals  and  changes  in 
sever  ty  wera  rather  common  with  regard  to  all  types  of  complaints. 

Headi  :he  in  most  cases  w  e  radiating  F»-om  the  frontal  region  (17%),  from  the  occipital 
side  (59%)  or  from  the  vertex  (24%).  This  headache  was  chronic  in  24%  of  the  cases, 
paroxysmal  in  32%,  and  its  presence  was  shown  in  44%  when  provoked  by  activities, 
vertigo  was  present  in  79%  oi  the  patients.  In  47%  of  these  patients  the  vertigo  was  of 
a  chronic  type,  in  35%  of  a  paroxysmal  type,  which  means  that  vertigo  appears  tor 
periods  of  5  minutes  to  several  hours,  while  in  18%  vertigo  only  appeared  during  head 
movements-  In  t.he  first  two  types  the  vertigo  changed  severe!  >  in  most  cases  over  the 
time,  sometimes  with  free  intervals  of  several  weeks. 


Examination 

Examination  of  the  patients  revealed  that  only  26%  suffer  from  6ome  limitations  in 
head-neck  movements. 

Keeping  m  mird  the  Rnnhist icated  structure  of  the  cervical  musculature  and  cervical 
vertebral  articulations  the  discrepancy  between  tne  presence  of  ccrvicc  fcrach.ielgia  and 
movement  res  tri  etions  edbily  bw  ..c^.  Although  ir.  all  patients  X-rays  of  the 
cervical  vertebrae  were  made,  only  in  a  few  cases  pathology  was  found  which  could  be 
linked  to  the  accident. 

A  spontaneous  and  positional  nystagmus  of  more  than  5* /sec  was  found  in  60%  and  £1%  of 
the  case6  respectively.  In  a  normal  population  this  sign  of  vestibular  system  pathology 
appears  in  less  than  2%  of  the  coses.  (See  table  2). 


.  .  '  *  ■  ‘r-* 
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12a -pgitgflU.  with  .cervical  whiplash  lnimtes 


limitation  ol  neck  rotation 

48 

28 

% 

cervical  Induced  nystagmus 

134 

77 

% 

spontaneous  nystagmus 

104 

60 

% 

positional  nystagmus 

106 

61 

% 

bilateral  gaze  nystagmus 

138 

80 

% 

visual  pursuit  disturbances 

142 

82 

% 

optokinetic  nystagmus  pathology 

70 

40 

% 

peripheral  vestibular  lesion 

8 

6 

% 

no  EN.G.  pathology 

8 

o 

% 

table 

2 

A  cervical  nystagmus  examination  was  done  by  successive  head  rotation 

to  the 

ri  ght 

and 

to  the  left  for 

30  sec.  A  cervical  nystagmus  can 

be  of 

a 

proprioceptive 

type 

or  a 

vascular  type.  In 

77%  oi  the  patients  a  cervical  nystagmus 

was 

found. 

of  which  in 

80% 

of  a  proprioceptive  type  which  means  lesions  of  the  cervical  neural  roots. 

A  bilateral  gaze  nystagmus  is  a  sign  of  brain  stem  pathology.  This  nystagmus  is  found 
when  a  gaze  deviation  of  30’  is  maintained  to  the  right  and  to  the  lcfi:  side  successive¬ 
ly  for  a  duration  of  20  sec.  In  80%  of  the  cases  thin  pathology  was  found.  Also  patholo¬ 
gy  in  the  visual  pursuit  movements  was  found  in  the  same  patients  which  points  to 
brainstem  and  cerebellar  pathology.  The  visual  suppression  test  during  the  rotation 
tect,  evident  for  cerebellar  pathology,  was  positive  in  30%  of  the  cases. 

This  means  that  in  82%  of  the  patients  lesions  were  apparent  in  cerebellar  and  brain 
stem  structures. 

Discussion 

It  is  characteric  that  the  described  patients  were  more  disabled  and  remained  much 
longer  handicapped  than  was  anticipated,  considering  the  mild  character  of  the  accident. 
The  described  cases  came  to  our  department  in  a  period  of  6  months  following  the 
accident,  which  means  that  only  patients  with  persistent  complaints  were  ’  r.vcoLigated. 
The  findings  suggest  that  overexcitation  of  the  cervical  proprioceptors  may  be  an 
etiological  factor  in  causing  vertigo  due  to  whiplash  injury. 

The  abnormalities  in  the  visual  pursuit  movements  indicate  a  dysfunction  of  the  central 
nervous  system. 

During  a  cervical  whiplash  injury  the  flexion  of  the  head  means  a  pull  on  the  cervical 
medulla,  which  pull  is  conducted  up  to  the  medulla  oblongata  and  to  the  brain  stem.  The 
pull  can  mean  a  lengthening  of  these  structures  of  up  to  5  cm.  a 

It  is  clear  that,  such  a  pull  can  cause  extensive  damage  to  the  central  nervous  system1. 
Long  after  a  whiplash  injury  the  lesions  to  the  cervical  soft  t;6sues  and  the  ruptures 
of  muscles  and  ligaments  have  changed  morphologically  to  inflammatory  granulation 
tissue  with  scarring  and  degeneration  of  nerves  in  the  cervical  area'*. 

Our  findings  that  79%  of  the  patients  suffer  from  vertigo  is  rather  similar  to  the 
report  of  Hinoki*  who  found  vertigo  in  87%  of  this  cases.  According  to  this  author 
vertigo  develops  according  to  table  3. 
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Cervical  whiplash  injuries  cause  damage  not  only  to  the  cervical  soft  tissues  and 
ligaments,  but  also  to  the  central  nervous  system,  often  in  such  a  way  that  persistent 
damage  as  done.  Head  restraints  support  the  head  against  the  threat  of  overextension, 
but.  flexion  most  probably  gives  far  more  carnage.  This  means  that  the  protective  effect, 
ol  head  restraints  is  limited,  which  was  reported  already  by  StateG  ct  a3  .  in  1  972*. 
The  reduction  of  the  incidence  of  neck  injuries  was  disappointing  too.  When  the  head, 
as  the  most  vulnerable  part  of  the  body,  has  to  be  protected  against  acceleration 
accidents  head  restraints  have  to  surround  the  head.  Perhaps  a  challenge  to  designers 
of  automobiles. 
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AIRCREW  NECK  INJURIES 

A  NEW,  OR  AN  EXISTING,  MISUNDERSTOOD  PHENOMENON 


Frederick  C ’.Guilt  and  (i.Runuld  Herd 

Senior  E  ngineer,  Escape  Systems 
Naval  Air  Systems  Command 
(AIRSJI2C) 
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United  States 


The  first  U  S  Navy  ejecton  occurred  on  9  August  1949  Since  then,  :l>e  Navy  has  experienced  4.335  ejections  through  March  1988 

The  first  so  no  us  neck  injury,  a  paracervical  strain,  associated  with  an  ejection  occurred  on  20  February  1953  That  injury,  also,  was  tne  Navy's 
first  ve.-iobral/paravertebraJ  injury  associated  with  ejection  initially,  assessment  of  such  neck  injuries  was  accomplished  as  simply  anotiier  vertebral 
injury,  however,  m  nxye  receni  years  we  have  become  increasingly  aware  thal  the  oervicaypnracervica]  injuries  reported  m  connection  wrth  ejections 
do  not  exhibit  the  same  pattern  characteristics  as  other  vertetxai/paj  a  vertebral  injuries  They  occur  a!  different  rates  than  would  be  expected  hosed 
upon  the  rales  of  iniury  for  other  vertebral  regions  Further,  although  p  clear  relationship  between  thnxigh-ihe-canopy  ejection  and  hgher  incidence 
rates  of  vertebra!  injuries  had  been  established  (and  a  caus^.  •.•ecliamsoi  KJen lined J.  that  appeared  not  to  be  the  case  with  uervical/peracorvical  injuries 
In  addition,  while  vertebrat/paravertebral  injury  incidence  rotes  have  fallen  with  the  changos  in  catapult  boost  acceleration,  cervicai/paracervical  injur/ 
mcoenco  rates  have  stead  fy  increased 

Why  am  cervicayparacervical  injuries  associated  with  ejection  mcreas-ng;  why  nave  they  not  declined  as  the  injury  incidence  rates  liava  tor  other 
spmai  regions?  Anocdolai  and  statistical  mishap  data  examined  and  compared  in  this  and  poor  studies  by  the  authocs  suggest  that  the  answer  might 
lie  in  the  aircraft  maneuvering  capabilities  and  w  an  increased  frequency  of  ejection  during,  or  following,  gyrations  resulting  from  loss  of  contid  of 
aircraft  The  answers  wo  have  obtained  suggest  that  considerable  caution  needs  to  be  exercised  in  the  cunent  trend  to  integrate  manifold  systems 
elements  into  aircrew  helmets,  especially  m  light  of  the  '  man  limited "  maneuvering  capabilities  of  today  's  modem  tactical  aircraft 


INTRODUCTION 

On  26  September  1974,  the  Naval  Safety  Center,  Norfolk,  expressed  concern  in  a  naval  message  that  the  ftequoncy 
and  severity  of  neck  injuries  sustained  by  ejectees  were  increasing  significantly  This  message  touched  off  a  flurry  of  activity, 
much  of  it  still  continuing,  aimed  at  assessing  the  claim  and  ascertainu.  j  the  causal  mechamsm(s)  and  factor(s)  for  "ejection 
associated"  neck  mjunes.  The  neck  injuries  of  particular  interest  then  and  now  are: 


•  Cervical  Transactions 

•  Cervical  Subluxations 

•  Cornea1  Fractures 

•  Paracervical  Sprains 

•  Paracervical  Strains 


This  paper  is  one  of  a  series  of  midstream  reports  concerning  our  progress  and  findings  in  probing  the  U.S.  Navy 
ejection  statistics,  fn  our  earlier  papers  we  have  limrted  ourselves  to  the  assessment  of  data  presented  in  the  Naval  Safety 
Center,  Norfolk,  ejection  iViislwp  uaia  iapes.  Tnose  data,  covering  the  period  from  1  January  1969  through  early  1938,  woie 
encoded  and  synopsized  b/  the  Center  from  MORs/FSRs  (Medical  Officer's  Reports/Flight  Surgeon  s  Reports)  prepared 
and  submitted  for  each  ejection  mishap  and  presenting  data  concerning  the  aircrew  and  the  aircrew  life  support  systems 
(ALSS)  equipment,  i  e.,  helmets,  flight  suits,  personnel  parachutes,  ejection  seats,  etc. 

These  data,  however,  proved  inadequate  for  ascertaining  whether  there  has  in  fact  been  any  significant  trend  affecting 
the  frequency  and/or  the  seventy  of  "ejection  associated"  neck  injuries. 

Accordingly,  in  this  portion  of  this  on-going  effort,  in  an  attempt  to  ascertain  whether  the  current  frequency  and  severity 
of  "ejection  associated”  neck  injuries  differ  significantly  from  those  of  U.S.  Navy  earlier  escape  systems,  we  have  explored 
the  limited  ejection  data  contained  in  a  log  of  1.968  U.S.  Navy  pre-1969  ejections  and  ejection  attempts  (beginning  with  the 
first  U.S.  Navy  ejection  occurring  in  1949  and  ending  31  December  1968).  In  addition,  we  have  compared,  and  are  compar¬ 
ing,  tlie  data  contained  within  tlie  pre-1969  log  to  the  data  contained  in  the  Naval  Safety  Center,  Norfolk,  ejection  mishap 
tapes  (figure  1). 

Although  the  pro-1969  ejection  log  data  was  utilized,  it  was  used  cautiously  for  the  data  base  is  beset  with  a  number 
Of  piubiems,  especially  among  the  data  for  the  first  decade  of  the  log: 


ii  ,rGct86  Data 

—  Difficult  to  Int^vrfrt  Ejection  AltiioJe  Data  in  Terms  of  S;  item  Terrain  Clearance  Performance  Capability 

—  Contains  Many  Ambiguous  and  Non -Specif  Terms  Which  Require  Interpretation 

*  Total  Avfuiau*e  Dela  is  Limned,  Espoo  fly  for  the  First  Decade. 

•  Escape  Syr-tem  ModrficatianE  Nu  Always  Recorded,  o.g  .  ZDL  (Zero  Delay  Lanyard),  in  M&nner  Permitting 
Delon  nmabuti  Whether  Present  and  Used. 


DATA  PREPARATION 


The  first  step  in  attempting  to  compare  those  ciaia  was  to  review  both  sets  of  data  10  eliminate  those  cases,  both  those 
with  and  those  without  neck  injuries  of  interest,  which  were  either  not  accomplished  clear  of  the  aircraft  or  in  which  the 
ejection  was  initiated  outside  the  system's  terrain  clearance  performance  envelope.  The  resulting  populations  of  ejectees 
(Figure  2).  therefore,  except  for  ttiose  experiencing  majoi  system  failure  resulting  in  nun  opening  of  tho  personnel  parachute, 
do  not  include  ejoctees  with  multiple  extreme  impact  injuries,  a  condition  which  makes  virtually  impossible  the  rational  deter¬ 
mination  of  an  injury's  causation,  i.e.,  was  it  induced  by  ejection  forces,  windbiast,  crash  loads,  or  unretarded  body  impact 
with  ihe  surface,  etc.  jA  few  ca;  es  in  the  Naval  Salety  Center's  data  tapes  have  been  classified  by  the  MOR/FSR  preparer 
as  "out  of  envelope"  based  upon  the  ejection  airspeed.  To  the  extent  that  we  wore  able  to  identify  those  cases,  they  have 
been  added  back  to  the  data  base  since  they  might  help  anchor  and  define  the  rolo(s)  of  airspeed  in  producing  these 
injuries.)  Nock  injuries  among  ejectees  experiencing  non-retardod  surface  impact  as  a  consequence  of  personnel  parachute 
failures  were  not  examined. 

To  the  original  list  of  nock  injuries  of  major  concern,  we  have  added  tho  following  in  this  effort: 

•  Cervical  Compression  Injury  Without  Fracture 

•  Cervtca*  Crushing 

•  Cervical  Disc  Ruptures 

•  Cervical  Dec  Hernias 

•  Stretching  cf  Paracervcai  Muscles 

•  Tearing  of  Paracervical  Muscles/bgamonts 

This  expansion,  while  adding  no  new  cases  to  the  ejectoes  populations  previously  considered,  helped  provide  assurance 
that  tho  population  derived  from  the  tape  data  base  was  as  complete  as  feasible.  None  of  the  pre-1969  log  data  included 
any  notations  of  any  of  the  above  listed  injuries  either. 


DATA  SORTINGS  AND  ANALYSES 

As  shown  in  Figure  2  and  Table  I  there  were  1.764  ejections  reco.ded  in  the  pre-1969  log  which  appeared  to  meet 
our  critena  tor  being  accomplished  dear  of  the  aircraft  and  within  the  escape  system's  terrain  clearance  performance  envelope. 
For  the  period  covered  by  the  mishap  tapes,  1  January  1969  through  early  1986,  the  number  is  1.677 

These  two  data  bases  were  searched  (the  pre-1969  data  base  menually  and  the  post-1968  data  base  by  machine)  to 
identity  all  recorded  nock  Injuries  of  the  types  described  in  the  two  lists  above. 

Twelve  of  the  pre-1969  ejocteos  (0.68%)  were  reported  to  have  sustained  carvical  fractures,  while  28  of  tire  post-1968 
electees  (1.67%)  wore  reported  to  have  sustained  similar  injuries.  [One  pre-1969  A-5A  ejoctee  last  at  sea  was  reported  to 
have  descended  hanging  motionless  beneath  his  parachute,  a  condition  reported  for  the  one  pre-1969  A-5A  and  two  post-1968 
RA-5C  ejectees  receiving  fatal  neck  injurios  However,  since  the  suspected  injury  could  not  be  confirmed,  the  ejoctee  is  not 
included  In  any  neck  injury  population.) 

Paracervical  sprains  and  strains  were  reported  to  have  been  sustained  by  113  (6.41%)  of  the  pre-1969  ejoctees  and 
by  204  (12.16%)  post-1966  ejeewes.  li  is  important  to  recognize  that  the  terms  "sprain  ana  "strain''  am  employed  ir,  tho 
post-1968  data  baso  to  describe  a  wide  rar.ge  of  symptoms,  eg.: 

•  Paracervical  Stiffness 

•  Paracervical  Sorenass/Tendemess 

•  Puracervical  Spasming 

Accordingly,  we  currently  are  engaged  in  an  effort  to  classify  these  sprains  and  strains  by  severity,  an  especially  difficult 
task  for  the  pre-1969  data  base.  This  requires  development  of  a  common  basis  between  the  pre-1969  and  post-1968  data 
bases  for  judging  tire  injury  severity  and/or  the  acquisition  of  additional  pre-1969  data.  Both  approaches  are  being  pursued. 

Tablet  summarizes  the  annual  pre-1969  in-envelope  ejection  data,  providing  the  annual  and  total  number  of  ejections, 
Gjacteec  leceivmg  cervical  Irectures.  and  ejoctees  receiving  paracervical  sprains/strams.  Table  II  provides  similar  data  for 
the  post-1968  period.  Table  III  displays  the  pre-1969  data  by  aircraft  model  and  type  o!  ejection  seat,  while  Table  IV  provides 
a  similar  display  ol  the  post-1968  data.  The  periods  during  which  each  ol  these  aircraft  models  appear  in  the  pre-1969  log 
and  in  the  posl-1969  data  hasp  are  shown  in  Tables  V  and  VI.  respectively. 

The  pie- 1969  data  proved  incomplete  concerning  cancpv  mode  of  Ihe  escape  with  large  numbers  ol  cases  having  no 
mode  shown  Even  after  inserting  values  lor  those  systems  in  which  there  is  no  flexibility,  there  remains,  with  the  currently 
available  data,  a  large  body  o!  unassignablo  cases,  precluding  assessment  ot  the  role(s)  ol  canopy  mode  in  the  production 
ot  these  neck  injuries  among  the  pre-1969  ejectees 

Likewise,  there  is  a  paucity  of  pre-1969  data  with  which  to  ovaluate  the  role  ot  aircrew  preparedness  tor  the  onset  ot 
G  forces  in  tho  production  ol  these  neck  injunes.  The  only  available  pertinent  data  is  tlte  presence  or  absence  of  powered 
haul-back  type  inertia  reels  in  the  seats,  These  first  appeared  with  the  introduction  ot  the  LS-1  and  HS-1  ejection  seats  and. 
later,  gradually  appoared  in  E3CAPAC  ejection  seats  and  then  MK7  senes  ejection  seals. 


in  the  pre- 1963  logs  there  is  some  data  concerning  collisions  with  trees,  buildings,  etc.,  during  parachute  descent,  con¬ 
cerning  parachute  landing  falls,  and  concerning  the  presence  of  prior  neck  injuries.  There  is  not.  however,  any  anthropometric 
data  for  the  ejecteos.  There  also  is  a  limited  amount  ol  data  concerning  ejection  seat  malfunctions  which  might  have 
influenced  the  neck  injury  incidence  rate. 

SUMMARY  ASSESSMENTS 

From  this  effort  and  our  earlier  analyses,  we  have  developed  an  initial  fool  for  the  data  which  suggests  that  there  is 
no  single  neck  injury  causal  tactor  or  mechanism  but,  rather,  that  the  causes  of  “ejection  associated  "  neck  injuries  are  manifold, 
including  the  following: 

•  Aircraft  Man«uv®fWUyr*tk>n* 

— Butn  Prior  lo  and  Duong  Ejection 
— Risk  of  Injury  Greaior  at 

•  Higher  G  G/G  Onset  Rates 

•  Higher  Rotational  Hates  and  Onset  Rates 

•  Type  Mishap 

— Mid-Air  Collisons 
— Haid  Landmg/CfdSh 

•  Uripnaparedness/Poor  Body  Position 

— For  Inflight  Loads 
—For  Ejection 

•  Certain  Types  of  Sy&?Cfh  Malfunctions 
—Post  Seat-Man  Separation  Collisions 
— Entanglement  of  Man  to  Seat 

•  Presence  of  incompletely  Healed  Neck  Injury 

•  Post-Ejection  Impact* 

— Collisions  with  Trees.  Buildings.  Etc. 

—Hard  Landmgs/Poof  Parachut9  Laooing  Fans 

Although  both  the  data  and  a  qualitative  analysis  suggest  that  a  relationship  might  exist  between  these  factors  and  the 
incidence  of  “ejection  associated'’  neck  injury,  it  is  not  clear  from  the  available  data  why  similar  incidents  lead  in  some  in¬ 
stances  to  an  injury  and  in  others  fail  to  produce  an  injury.  It  is  recognised  that  these  data  are  gross  held  observations  .is 
opposed  to  controlled,  measured  laboratory  datr.  and,  thus,  lack  considerable  detail,  especially  concerning  magnitude,  direc¬ 
tion.  duration,  and  point  of  application  cf  resulting  forces. 

In  developing  the  above  list  of  factors,  we  have  examined  the  ejection  data  tor  relationships  between  the  incidence  of 
injury  and  the  following. 

•  Ejection  Airspeed  Mechanisms 

—  Parachute  Opening  Shock 
—  Use  of  Da'iistc  Spreader  Gun 
—  Lit/Drag  of  Helmet 

•  Type  Ejection  Seat 

•  Electee  AnthropomaUy 

•  Aircraft  Manauvor/Gyrahon 

—  PreEjectior 
—  During  Ejection 

•  Aircrew  Restraint/Posltkjning/Poatune 

—  Powered  versus  Spring  Retraction  inerta  Reels 

•  Canopy  Mode 

—  Jettisoned  Canopy 
—  Through  ! he -Canopy 
—  Partial  Cutting  of  Canopy 
—  Canopy  Fragmentation 

•  Existence  of  a  Recant  Prior  Neck  Injury 

•  Aircrew  Preparodneao  for  G  Loads 

7ne  following  is  a  brief  discussion  of  the  above  and  other  fades  which,  based  upon  the  data  and  our  analyses,  we 
believe  to  be  potentially  significant  to  the  issue  of  ‘  ojection  associated”  rack  injury 

Aircraft  Maneuver/Gyration  Forces 

Among  the  potential  causal  factors  is  the  aircraft  inflight  manspver/gyraticn  forces  both  prior  to  and  during  an  ejection. 
Anecdotai  data  exists  in  both  published  [Schallj  and  unpublished  form  {Schaii,  and  various  narrative  descriptions  of  mishaps 


and  inflight  physiological  incidents]  indicating  that  during  flight  aircrew  can  and  have  incurred  injuries  similar  in  nature  and 
seventy  to  those  reported  associated  with  ejections. 

Since  1  January  1369.  leporis  summarized  in  the  Nava!  Safety  Center  mishap  tapas  indurate  that  27  U.S.  Navy  MA-2 
restrained  aircrewmen  (9  during  flight  and  16  in  other  flight  related  events  less  than  an  uncontrolled  Crash)  have  incurred 
paracervical  strains  or  sprains  due  soley  to  inflight  or  landing  loads  (T able  VII).  The  rale  ot  such  repons  appears  to  be  rising. 

In  addition,  analyses  of  other  types  of  injuries  and  ALSS  equipment  damage  have  clearly  demonstrated  the  potentially 
dramatic  effects  that  inflight  maneuvers/gyrations  can  exert  upon  an  ejecting  man  seat  combination  as  rt  separates  from 
its  rails.  We  now  know,  for  example,  that  the  roll  rate  of  an  aircraft  can  exert  an  enormous  influence  upon  the  behavior  of 
such  a  mass.  As  the  rate  of  aircraft  roll  during  seat-aircraft  separation  increases,  the  destabilizing  effects  upon  the  man-seat 
combination  can  bocome  very  seve«e,  resulting  in  rapid  roll,  tumble  or  oven  epicyclic  tumbling  of  the  man-seat  combination 
and,  wu  suspect,  probably  can  induce  ejectee  injuries. 

As  we  have  earlier  reported,  there  is  a  high  coincidence  between  tho  reported  occurrence  of  cervical  sprains  and  strains 
and  the  occurrence  of  aircraft  spins  and  other  forms  of  uncontrolled  flight. 

There  appear  to  be  three  injury  mechanisms  potentially  inducing  injuries  as  a  consequence  of  the  inflight  aircraft 
maneuver/gyration  forces: 

Inflight 

•  Hap*!.  Inertial  Load  Induced  Whipping  Motion  of  the  Hoad  find  Neck 

•  Abiupt,  High  Energy  Contact  ol  the  Helwatbd  Head  Canopy  oi  Other  Object  Withm  tho  Cockpit  {Sciiall] 

Ejection 

•  Turnpiing  the  Seat  Rapidly  During  TipOfi.  Inducing  High  Speed  Separation  and.  Occasionally,  a  Subsequent  Coiiis^  Between 
Electee  s  Hoi  meted  Head  and  Seal  Headrest 

Bason,  et  al.  demonstrated  the  high  degree  of  freedom  experienced  by  aircrew  wearing  their  restra'nts  properly,  freedom 
Sufficient  to  permit  high  energy  helmet  canopy  and  helmet  other  structure  contacts  induced  by  rapid  onset  negative  G  The 
records  in  the  pre-1969  log  and  tho  Nava!  Safety  Center  mishap  tapes  are  replete  with  incidents  in  which  SLch  impact  loadings 
occurred,  often  to  be  followed  by  an  ejection  as  conditions  worsonod  In  most  such  instances,  those  impacts  or  conditions 
are  merely  noted  and  not  explored  as  a  possible  cause  of  a  reported  injury.  Instead,  the  investigators'  attention  usually, 
and  quite  naturally,  is  focused  upon  the  ejection  system  and  environment  forces  as  the  likely  culprits  And.  should  one  desire 
to  ascertain  wnether  "poor  position  for  ejection"  or  “windblast"  or  "ejection  forcos  or  "parachute  opening  shock"  is  the 
likely  cause,  one  need  merely  select  the  appropriate  code(s)  for  a  data  search  to  obtam  confirmation  that  such  a  cause  is 
a  frequently  cited  causal  factor. 

We  are  continuing  to  explore  the  comparative  rate  of  occurrence  cf  uncontrolled  flight  before  and  during  ejection  bet¬ 
ween  the  pre-1969  'og  data  and  the  mishap  tapes  data  An  initial  impression  is  that  there  has  been  a  change  in  the  dynamic 
charactenstics  of  mishaps  leading  to  ejection  with  the  predominant  characteristics  in  the  1950s  and  early  1960s  being  relatively 
benign  reliability  type  aircraft  and  aircraft  systems  failures.  Less  than  a  thiid  of  those  early  ejections  appear  to  have  involved 
highly  dynamic  uncontrolled  flight,  whereas  noarly  two  thirds  of  ejections  occurring  in  the  1980s  appear  to  involve  these 
conditions  either  preceding  or  during  the  ejection. 

Type  of  Mishap 

Among  the  33  most  sevare  post-1968  reported  paracervical  sprains  and  strains.  6  involved  mid  air  co"isions  (in  ono 
mishap  apparently  the  pilot’s  helmet  was  actually  impacted  by  the  other  aircraft  when  it  penetrated  his  cockpit  canopy  and 
in  another  mishap  the  two  aircraft  collided  twice!).  2  involved  landing  damage,  one  of  which  occurred  during  a  ramp  strike, 
and  16  involvod  spins,  severe  rolling  and  other  forms  of  uncontrolled  flight 

Unpreparedness/Poor  Body  Position 

Again  examining  tne  more  severe  post-1966  paracervical  sprains  and  strains,  one  was  command  ejected  white  unconscious 
and  4  ejected  while  their  heads  were  bent  forward  or  "snapped  forward  on  ejection."  Several  less  severe  sprains  and  strains 
involved  unconsciousness  of  the  ejoctee  or  other  signs  of  unpreparedness  for  ejection. 

In  the  inflight  C-2  fracture  and  subluxation  reported  by  Schafl.  the  individual  was  unprepaied  when  the  pilot  pitched 
the  aircraft  nose  down.  As  a  consequence  ho  rose  out  of  his  seat,  striking  his  helmet  against  the  cockpit  canopy.  Subse¬ 
quently.  he  Decame  paralyzed  when  he  turned  his  head  to  the  nght 


Role  of  Escape  System  Malfunctions 

Several  vertebral  fractures  and  two  cervical  transections  occurred  among  airciew: 

•  Experiencing  posl  man-seat  separation  collisions  when  tho  empty  seat  overtook  tnem  following  person^:  parachute  opening 

•  Who  became  entangled  by  lines  tying  ifieir  hoimeted  heads  to  the  seat  headrest  prior  to  man-seat  .-.eparation  and  pe.sonnel 
parachute  deployment  and  oper-ng 


Recent/Existing  Cervical  Injuries 


Thr*H)  electees  sustaining  camcal  sprains/strams  (one  pre-1969  and  two  in  the  mishap  tapes)  were  reported  to  have 
sustained  whiplash  typ'*  injuries  a  si  tort  time  preceding  the  flight  which  ended  in  the  ejection.  There  worn  no  similar  reports 
tor  any  of  the  ejectees  not  sustaining  such  injuries,  although  the  absence  of  such  reports  might  Simply  reflect  the  lack  of 
mierost  resulting  from  the  lark  cf  an  injury  requiring  an  explanation. 


Parachu*e  Landing  Falls  (PLF) 

Glancing  collisions  of  descending  ujoctoes  with  trees  and  builomgs,  and  backward  fails  during  landing,  particularly  over 
the  ejectee 's  surv.val  kit.  resulting  ..i  heimeted  head  sinkos  with  hard  ground  or  pavement  aro  relatively  common  A  signifi¬ 
cant  proportion  of  thoso  reponod  evor.is  are  associated  with,  ejections  in  which  the  ejectoe  incurred  a  iiqck  injury.  Again, 
normally  such  an  event  is  not  exa-omed  by  the  reporting  medical  officer  as  a  potential  cause  of  the  neck  injuries. 

The  majority  of  such  incidents  appea-  to  have  resulted  m  minor  scratches  or  other  lesser  injuries.  However,  the  potential 
for  more  serious  injury  appears  to  bo  present,  oven  if  overshadowed  by  tf>e  presence  of  an  ejection  and  the  more  obvious 
farces  Accordingly,  we  are  cur'.ntly  sorting  and  analyzing  PLF  vgrou:  wain  and  Pi  F  versus  ejectee  wyighf  oy  parachute 
typo  and  size  data  (»  e..  detormior/Us  of  ejected  descent  velocity)  to  ascertain  whether  any  pattern  might  exist 


Ejectee  Anthropometry 

Aiihough  the  effects  of  ejectee  weight  night  be  masked  by  such  escape  system  factors  as  the  differences  in  the  ooost 
catapult  charge,  and  the  size,  shape  and  porosity  of  the  pc  conne!  parachute,  nr  ind.cations  of  a  lalatronsiup  between  weight 
(lighter  weight  experiencing  a  greater  boost  acceleration,  a  lower  opening  shock  acceleration,  and  a  slower  descent  rate 
under  a  fully  inflated  parachute)  end  tho  incidence  of  neck  injury  have  been  .joterf  wrihin  the  post- 1968  data.  As  noted  previously, 
the  pre-1969  data  log  does  not  contain  _*ny  anthropometric  data  concerning  the  ejectees 


Canopy  Mode 

Aiihough  the  effects  of  canopy  mode  upon  the  production  of  vertebral  fractures  and  paravortob,  a!  sprains  and  strains 
has  been  well  documented  ard  the  probable  associated  ;njury  mechanism  well  dofmed,  surprisingly  the  same  pattern  does 
not  hold  true  .'rr  cervical  fractures  and  paracervical  spra«ns  and  strains.  One  factor  in  the  failure  to  demonstrate  the  same 
relationship  might  be  the  small  numbers  of  these  injur.es  in  comparison  to  the  total  numbers  of  the  overall  vertebra!  and 
paravertebral  injuries  Another  factor,  one  which  seems  to  have  reduced  the  overall  incidence  of  vertebral  and  paravertebral 
injuries,  is  the  significant  reduction  m  the  boost  catapult  acceleration  forces  exerted  upon  the  ejectee  by  the  more  modern 
ejection  seat  systems.  This  lowered  boost  acceleration,  resulting  from  improvements  m  other  aspects  of  the  systems  such 
as  personnel  parachute  deployment  and  concern  over  the  effects  of  high,  prolonged  boost  accelerations  upon  aircrew  safety 
under  adverse  aU'tude  escape  conditions,  lowers  the  magnitude  of  seat  slap  which  can  be  produced  by  the  seat-canopy 
impact  during  3  through-t^e-cunopy  ejection. 

However.  considering  the  relatively  high  mobility  of  the  head  no~k  combination  in  comparison  to  the  virtually  rigid 
immobility  of  the  thoracic  ar.d  lumbar  sections  of  the  veitoUai  column,  u  is  probable  that  mechanisms  other  than  seat  slap 
in  lact  have  been  responsible  for  producing  the  cervical  and  paracervical  injuries. 

EVctS  of  Ejection  Airspeed 

Many  have  suggested  that  ejection  airspeed  might  be  the  critical  factor,  suggesting  such  divergent  resultant  effects  as 
personnel  parachute  opening  shock  and  a  hangman’s  norse  effect  produced  by  tho  lift  and  drag  characl eristics  of  an  ejectee’s 
helmet. 

It  should  be  noted  that  parachute  open  ng  shock  a  function  of  many  system  arid  parachute  factors,  among  which  are: 

•  Design  Aspocls  of  Ejection  Seat  in  Wk-ch  Used 

—  Pfilay  rn  Pt>  Tpon.rg 
—  Typo  oi  Paracnuie  Deployment  SysJerr. 

—  Delay  Betwec  i  P„,k  Opening  an<j  F  ji  Doe  Stretch 
-  Man  PA  actulo  Alignment  a)  Pa'aclii/w?  Opening 
—  O  tomaion  of  ti»e  Deptoyng  Paiuciiute  to  i»k  \jrstream 

•  C*'iffcv'  Sfw  n  (1  *j  Fla’  r jrciitJir  Csywjr'  FV  J 

•  Can-ioy  Sue 

•  Ptxo&’y  of  tfw  P-vauhute  Canopy  Fabric 

•  Contiui  of  tne  Canopy  Throat  Coring  Deployment  {  o  Otar*.  Against  Prematuiw,  i.e .  Pno»  to  Fun  uni  Stitch,  Inflation  and  Against 

r ‘.rrteUv;  inflation  of  die  Canopy) 

and.  as  a  conseauence,  when  assessing  the  potential  noon  ng  shod;  effects  for  a  multitude  of  ejection  seat  systems,  the 
eifects  could  well  mas':  one  another.  However,  to  avoid  tn.s  masking  efioct.  we  oxamired  the  data  for  several  individual 


families  of  seats  possessing  highly  common  design  characteristics  likely  to  produce  highly  similar  personnel  parachute  open¬ 
ing  dynamics.  We  found  no  indications  to  suppori  the  idea  that  the  “ejection  associated' '  neck  injuries  might  be  largely  pro¬ 
duced  by  personnel  parachute  opening  shocks. 

The  data  with  which  to  assess  tho  potential  role  of  aircrew  helmets  is  at  this  time  incomplete  since  we  cannot  ascertain 
the  specific  type  of  helmet  employed  in  the  majority  of  tho  ejections  Wo  have,  however,  been  acquiring  that  data  and  enter¬ 
ing  it  into  the  past-1968  data  base.  The  data  have  been  obtained  for  over  9 50  ejecteos,  a  number  of  whom  sustained  nock 
injunes,  generally  paracervical  sprains  and  strains.  These  data,  although  small,  have  not  supported  tho  helmet  hangman's 
noose  concept. 

At  this  stage  of  our  investigations  we  have  not  identified  any  strong  indications  of  a  significant  role  lor  ejection  airspeed 
in  prouucmg  the  “ejection  associated'’  neck  injuries. 


CONCLUSIONS 

As  shown  in  Table  I,  serious  “ejection  associated  '  neck  injuries  are  not  a  new  phenomenon  among  U  S.  Navy  ejecteos. 
What  is  new  is  the  major  attention  now  being  given  to  this  phenomenon,  especially  towards  determining  causal  factors  for 
tliese  injuries.  Much  research  has  been  conducted,  <s  being  conducted  and  is  planned  to  investigate  head/neck  responses 
to  dynamic  conditions  of  impact  loadings.  Much  of  the  past,  ci'ment  and  planned  investigatory  research  seems  very  narrowly 
focused  upon  dynamic  responses  of  the  head  and  neck  to  impact  loadings  to  tho  exclusion  of  other  injury  mechanisms  — 
a  few  of  which  we  have  attempted  to  illustrate  m  this  paper  through  examining  and  comparing  the  available  mishap  records 
associated  with  both  those  ejecteos  sustaining  the  serious  neck  injuries  and  those  who  did  not. 

Based  upon  our  examinations  of  those  mishap  data  we  are  of  l-ie  opinion  that  there  is  no  simplo  answer  to  the  problem 
ot  “ejection  associated1'  neck  injuries,  that  there  is  no  single  causal  factor  but,  rather,  that  tho  underlying  causal  factors 
are  many  and  varied. 

We  are  also  of  the  opinion  that  the  problem  is  an  increasing  one.  The  evidence  ind'catso  quite  Dearly  we  believe,  that 
the  frequency  with  which  these  injuries  are  occurring  is  increasing.  It  would  also  appear  that  cervical  fracture  rates  are  in¬ 
creasing.  although  at  a  slower  rate  than  the  growth  m  the  paracervical  sprains  and  strains.  What  remains  to  be  seen  follow¬ 
ing  the  retirement  of  several  specific  seat  types,  is  whether  the  frequency  of  cervical  transactions  will  decline. 

We  are  also  Oi  the  opinion  that  a  significant  proportion  of  the  serious  “ejection  associated’’  neck  injuries  are  in  fact 
likely  to  have  been  induced  by  the  inflight  maneuvering/gyration  forces  imposed  upon  the  aircrew  prior  to  ejection  or  during 
ejection  Those,  we  beliave,  are  especially  significant  and  require  consideration  as  helmets  become  the  handy  means  for 
mounting  sights  and  other  needed  equipment  upon  the  aircrew.  Restraint  of  aircrew  heads  in  flight  is  probably  not  practical 
since  they  need  exceptional  head-neck  and  even  upper  torso  mobility  in  order  to  visually  acquire  and  to  maintain  visual  con- 
tact  w'th  enemy  aircraft  in  order  to  successfully  engage  them  either  defensively  or  offensively. 

(The  authors  appreciate  me  programming  and  data  saarch  assistance  provided  by  Messrs  Sieve  Nguyor  and  Charles  Geibergrr  | 
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In-Envelope  Ejections 

(Pre-1969  Ejection  Log  Data) 


Veer 

Total 

Sprain/Stnln 

1949 

1 

_ 

1950 

5 

— 

— 

1951 

8 
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— 

1952 

11 

— 

— 

1953 

29 

— 

— 

1954 

41 

— 

1 

1955 

66 

— 

2 

1956 

79 

— 

3 

1957 

114 

1 

7 

195G 

134 

— 

12 

1959 

107 

1 

(Cei 

6 

1960 

104 

— 

9 

1961 
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2 

(C-3) 

4 

1962 
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— 

8 

1963 
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1 
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9 

1964 

123 

— 

11 
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1 
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8 

1966 
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8 

1967 
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2 
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7 

1966 
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2 
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18 
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1764 

12 
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In-Envelope  Ejections 

(Post-1968  Ejection  Mishap  Data) 


rear 

loui 

Fx 

SprelnrStruIn 

1969 

215 

1 

20 

1970 

165 

1 

15 

1971 

131 

6 

11 

1972 

141 

2 

7 

1973 

114 

1 

9 

1974 

70 

3 

13 

19?5 

77 

— 

8 

1976 

73 

2 

6 

1977 

82 

3 

8 

1979 

66 

— 

10 

1979 

65 

2 

3 

1980 

71 

1 

11 

1WJ1 

61 

1 

12 

1982 

62 

— 

13 

1983 

73 

1 

9 

1964 

57 

— 

12 

1985 

39 

3 

9 

1980 

58 

1 

15 

1987 

52 

— 

8 

198 8* 

5 

- 

- 

Total 

1677 

28 
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Distribution  of  In-Envelope  Ejectees  and  Serious 
Neck  injuries  by  Aircraft  Series 

(Post-1968  Ejection  Mishap  Data) 


Series  Aircraft 

Total 

Fx 

SPR/5i 

A-4 

157 

7 

1/ 

TA-4 

201 

5 

24 
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20 

3 

3 

AS 
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4 

13 
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SO 

— 

13 

A-7 

241 

£ 

38 
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14 

— 

o 

AV-S 

33 

1 

10 
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3 

— 

1 
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4 

39 
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3 

— 

— 
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100 

— 

6 
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7 

— 

— 
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1 

17 

F-13 

15 

— 

r, 

S-3 

23 

— 

3 
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4 

— 

— 

T-2 

54 

— 

r 

T-»? 

i 

— 

— 

TF-9J 

21 

— 

i 

OV-IO 

26 

— 

s 
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Periods  Section  Mishap  Aircraft  Models  Appear 
In  P re-1969  Log 


A^ry».T  ainw 

Paif^J  Appearing 

Ai  Log 

AJrwH  W«**- 

Period  Apptsm^ 
in  Log 

FS1«-1 

1MC  iMd 

•VI 

lOSl  1966 

I860  •  1967 

F6U2 

155  1966 

F5H-3 

1953  1957 

ML 

1S33  -  18SA 

F2H4 

19M  I860 

F-«0 

1963  19C7 

F-8E 

1963  -  1966 

F7TJ  1 

1950 

F-iO 

1966  ISM 

f7U-i 

1W54  •  1967 

F-6K 

I860  19M 

F*J 

1960  1966 

/TF2 

1*50  -  196T 

FW-4 

1962  1954 

F40-1 

1656  1B«6 

FW-5 

15*51  -  1956 

1963  •  i»« 

HlF-i 

1967  1964 

PVf -7 

1954  1966 

PJf  II 

1966  -  1M6 

T2>1 

1*j9  19W 

rw-if 

1Wf4  -  1969 
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1967  -  1966 

TV-1 

1965 

A3.M 

1*U  -  1965 

r,  j 

1663  •  16.9 

RA-flC 

1964  •  te«t 

T-1  k 

196«  irr« 

F344I 

I9M 

TT'1 

1959 

F2W-3 

1965  1964 

F4H-1 

1061  -  1MV 

AV>-1 

19t«  •  1869 

F*rt-J 

1063  -  19M 

A4J-2 

-,W5«  •  19M 

F-4J 

1867  -  1966 

A  <r 

1663  1WX 

A-6A 

19*4  -  1966 

A-V 

1963  •  10<W 

KAf 

1901  -  lut* 

A-7A 

1966  •  19L6 

1K4T 

1967  -  1636 

A-7B 

19*3  -  i«w 

*±3 

1865  •  Iwj6 

OV-IO 

1967  -  1966 

FJj 

1963  -  :9W 

f  J4 

195  e  -  ifiai 

AfME 

lC5A  .  1864 

TABLE  V. 


Periods  Election  Mir,  tap  Aircraft  Series  Apprcr 
in  Post-tses  Data  Base 


Pa  nod  Appearing 


Aircraft  SericF 

in  O atu  BAi.j 

TF-9 

1969  -  1973 

T-33  (TV *2} 

1969  - 

T-t#. 

190S  -  1 37  0 

A-4 

1959  •  1987 

TA~1 

1909  -  1SB8 

F-S 

1969  -  1985 

F-6 

196s#  -  1970 

T-1 

1969  •  1987 

RA-5C 

1969  -  1974 

F-4 

1S€t  -  1988 

A-6 

T9G9  •  1987 

A-7 

1909  -  198C 

TA  7 

1079  -  19S4 

OV-U 

1969  -  198o 

5-3 

1973  -  I9fc5 

av-6 

ii/3  -  C&oc 

TAV-8 

1380  -  1983 
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MA-2  Restrained  Non-EJectees 
with  Serious  Neck  Injuries 

(P08t-1968  Ejection  Mishap  Data) 

Injury  Sustained  During  Normal  Flight  Phases 

•  Qveratressed  Aircraft  in  ACM,  near  Seat  Occupant  1 

•  9G  Pullout,  flaar  Seat  Occupant  1 

•  OACM,  7.60  1 

•  8  to  8  5G  Pullout  1 

•  Arrsa.ed  I  anding  1 

•  Impacting  Helmet  Against  Canopy  During  Arrestment  1 

Injury  Sustained  During  Flight  Related  Incident 


•  Manual  Oallout  Following  U'tcontiolled  Sp'n  In  Y-34C  3 

•  Manual  Bailout.  Descending  A  3  Series  Aircraft  4 

•  Nose  Gear  Collapse  Following  Landing  Aboard  Carrier  1 

•  Landing  Short  of  Runway,  Note  Gear  Coliapaed  1 

•  Hard  Landing  |,<  Overrun  Area  2 

•  Running  Off  End  of  Hunway  1 

•  Wheels  up  Landing  2 

•  Ditching  2 

•  Inflight  Engagement  cf  a  I  CDP  Followad  1 

by  Nose  Landing  Gear  Collapse 

•  Engine  Failure  While  In  80'  Hc\  ?r,  Face  Struck  1 

HUD  Glass 
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FJcxion,  Extension  and  Lateral  Bending  Responses  of  tlie  Cervical  Spine 

Jamcij  II.  McElbancy,  Briau  J.  Doherty.  Jacqueline  0.  Paver, 

Barry  S.  Myers  ami  Linda  Grey* 

Biomedical  Engineering  Department 
‘Department  of  Radiology 
Duke  University,  Durham,  N.C  27706 

ABSTRACT 

The  lateral,  anterior  and  posterior  passive  bending  responses  of  the  human  cervical  spine  were  investigated  using 
unenibsJmed  cervical  spinal  elements  obtained  from  cadavers.  Bending  stiffness  was  measured  in  si*  modes  ranging  from 
tension ~extension  through  compression~flexion.  A  five-axis  load  cell  was  used  to  establish  the  end  conditions.  Results 
include  moment-angle  curves,  relaxation  moduli  and  the  effect  of  cyclic  conditioning  on  bending  str.’fneaa.  Th>-  Hybrid 
IU  ATD  neck  was  also  tested  and  its  lesponees  are  compared  with  the  human.  It  was  observed  that  (He  hybrid  111 
neck  was  more  rate  sensitive  than  the  human,  that  mrchanical  conditioning  significantly  changed  the  atilfi  eja  of  thr 
human  specimens  and  that  changing  the  end  condition  from  pinned-pinned  to  fixed-plan  ec'  increased  the  &t;ffncsa  by  a 
large  factor.  The  bending  stiffness  was  significantly  influenced  by  the  direction  of  the  bending  moment,  the  type  of  tnd 
restraint,  the  magnitude  of  the  deformation  and  the  previous  deformation  history.  The  shear  force  produced  by  the  end 
conditions  was  an  impoitant  factor  in  the  applied  moment.  This  shear  force  not  only  change*  the  moment  acting  on 
the  specimen  but  also  influences  the  failure  mode.  These  experiments  indicate  that  when  the  loading  i.'  eccentric  (as 
it  almost  always  is),  the  primary  deformation  mode  is  bending,  and  the  mornori  applied  to  the  specimen  is  strongly 
influenced  by  shear  forces  and  the  magnitude  of  the  eccentricity.  The  axial  load  is  therefore  a  poor  indicator  of  the  type 
and  magnitude  of  failure  stresses.. 

MR  and  CT  was  used  to  visualize  the  damage  after  loading.  When  compand  to  the  dissection  results  MR  was 
clearly  superior  to  CT  in  detecting  soft  tissue  and  ligamentous  injuries. 


INTRODUCTION 

The  majority  of  the  studies  of  the  structural  properties  of  the  rpiu.  hav*  involved  compression.  Perhaps  ihe  earliest 
zuch  study  was  Mcsserer’s  work  on  the  mechanical  properties  of  the  vertibi  ae  (2).  fie  reported  compression  break  inn 
loads  ranging  from  1.47-2.16  kN  for  the  lower  cervical  spin*.  Bmizc  and  Ardran  loaded  1  uruan  cadaveric  cervict!  spines  in 
compression  and  reported  forward  dislocations  with  loads  of  1.32  1.42  kN  (3).  flowi  v<i,  their  experiments  weie  designed 
to  force  the  dislocations  to  occur  at  a  given  vertebral  level  Sancefi  tested  isolated  cadaver  cervical  spines  in  compression, 
tension  and  shear  (4).  A  quasi-static  compression  failure  was  observed  at  o  load  of  0  645  JcN,  and  dynamic  compress  ion - 
flexion  failures  were  reported  at  loads  ranging  from  1. 78-4.45  kN.  McElhaney  ct  «/.  applied  time-varying  romprensiv t 
loading  to  unembaltoed  human  cervical  spines  (5,6).  Failures  ve,o  p.oduccd  which  are  similar  to  those  observed  clinically 
with  maximum  loads  ranging  from  1.93-6.84  kN-  In  addition,  it  was  fourd  that  small  eccentricities  in  the  load  axis  could 
change  the  buckling  mode  from  posterior  to  anterior.  Panjabi  *.£  -V.  measured  rotation  and  translation  of  the  upp»v 
vertebra  p*  a  function  of  transection  of  the  components  in  single  units  of  tli^  cwvica!  (/)  Seicvki  ami  Williams 

cond acted  a  study  of  cadaveric  cervical  spines  loaded  with  u  uiajiuaiiy  operated  hydraulic  ji.ck  (8).  The;»  were  able  to 
duplicate  several  types  of  clinically  observed  injuries,  but  reported  loads  in  iornis  of  the  hydraulic  pre-sauir.  Nusho.lr 
tX  at.  studied  neck  motions  and  failure  mechanisms  on  unmb&loatd  cadavers  due  to  ci-owu  impacts,  failure  loads  ranged 
from  3.2  to  10.8  kN  (9).  They  reported  that  spinal  response  and  danugv  were  significantly  influenced  by  the  initial 
con  figuration  of  the  spine. 

Very  few  teats  have  been  conducted  on  longer  spinal  segments,  /-‘4v*&rds  cl  of.  tc&t**d  lun'bar  spine  motion  units  in 
combined  loading  (10).  They  found  that  stiffness  of  the  mot'jn  unit  was  nonlinear  and  increased  with  increasing  load. 
Markolf  and  Steidcl  tested  human  cadaveric  thoracolumbar  ipine  motion  Units  in  flexion,  extension,  lateral  bending, 
torsion,  and  tension  (11).  They  conducted  free  /ibiuiion  tests  and  reported  stiflnes*.  »i*.d  damping  values  for  the  various 
test  modes  and  vertebral  levels.  Panjabi  «f  a1  measured  tic  three- dimensional  stiffness  matrix  for  all  levels  of  the 
thoracic  spine  by  measuring  all  components  of  deflection  of  ipina.  units  fm  various  loading  modes  (12).  Hoaf  loaded 
single  cervical  spinal  units  in  compression,  extension,  flexior ,  horizontal  shew,  and  rotation  (torsion)  (13).  He  found 
that  the  intact  disc,  which  failed  at  approximately  7.14  kN,  w.\s  more  res  ill  ant  to  compression  than  wet  vertebrae  which 
failed  at  approximately  6.23  kN.  It  is  hia  contention  that  !>»  amen  to.  * upturc  cannot  be  caused  by  hyperflexion  or 
hyperextensior,  but  only  by  rotation  and/or  shear  forces.  Tc-.o-i  ct  at  performed  static  trsu  o.«  individual  lumbar 
epir.a!  units  (14).  They  pi*-tnnied  ioad-UeUoclion  data  for  all  l  ading  modes.  Hodgson  mraaured  the  strain  at  selected 
locations  of  the  cervical  vertebrae  of  cadaver^  under  several  hfid  impact  modes  (IS).  He  concluded  that  the  effects  of 
off-axis,  torsional  and  transverse  shear  art  important  variables  ;u,i  influence  the  axial  response.  Soemanu  compared  the 
dynamic  responses  of  the  hMman  and  Hybrid  1H  neck  (16).  He  c  me  nded  that  there  was  a  good  match  with  some  bending 
modes  but  a  poor  one  in  others.  An  extensile  review  of  the  li.eiaiwe  was  presented  by  Sancea  19J1  (1) 

A  major  problem  with  tests  on  t>pin*l  ekmenle  ha^  been  the  proper  measurement  of  the  forces  and  moments  applied 
to  the  specimen.  The  experiments  reported  here  ured  a  Ove-axn  lead  cell  in  an  attempt  to  better  understand  the  reasons 
for  the  wide  range  of  Lomprcsaive  failure  loads  and  fajluie  mcch'niatns  icported  in  the  literature. 
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METHODS 

SI’E/'iMEN  TYPES  ANT)  PROCUREMENT  -  Uneinhalifled  human  cervical  spine*  were  obtained  shortly  After 
death,  sprayed  with  calcium  buffered,  isotonic  RAlinc,  sealed  in  plastic  bn^a,  frozen  and  stored  at  -20'C.  Cnvical  spine 
specimen*.  grnurnliy  included  th-.*  base  of  the  skull,  approximately  two  ccntinirters  around  the  turatnett,  Or  Cl  at  the 
superior  end  and  05.  C6,  C7,  or  Tl  at  the  inferior  end.  The  associated  ligamentous  structures  were  kept  intact.  X-rays 
were  taken  and  reviewed  to  assess  specim-. n  integrity.  Medical  records  ol  donors  were  examined  to  ensure  that  the 
specimens  were  noiiosi  for  their  ag.1  g-ouj*  and  did  not  show  evidence  of  serious  degeneration,  spinal  disease,  or  other 
health- related  problems  that  w^uld  affect  then  structural  responses. 

SPECIMEN  PREPARATION  -  Prior  to  testing,  each  specimen  wi-i  thawed  at  2<TC  for  12  hours.  The  pre-test 
specimen  preparation  was  performed  in  an  environmental  chamber,  which  wax  dr:  ignrd  to  prevent  specimen  dehydration 
and  deterioration.  A  v.i ' lab’.e  flow  humidifier  pumped  water  vapor  into  the  chamber  to  create  a  100%  humidity  environ 
merit.  The  end  veticbi&c  were  cleaned,  dried,  and  defatted  for  casting.  The  specimen  was  mounted  in  aluminum  cups 
wiih  a  pin  ii: suited  into  the  spinal  cozial  in  order  to  provide  a  reference  bending  axis.  Using  polyester  resin,  the  ends  of 
the  specimens  were  «  aat  ir.  the  rum  so  that  the  cups  were  approximately  perpendicular  to  the  axes  of  the  end  vertebrae 
(17).  During  casting,  the  aluminum  cups  were  cooled  in  a  flowing  water  bath  to  minimize  degradation  due  to  the  heat 
of  pclyraei  ualiou. 

TEST  INSTRUMEN  TATION  -  A  Minneapolis  Test  Systems  (MTS)  servo-controlled  hydraulic  testing  machine  was 
used  to  conduct  the  various  viscoelastic  tests.  The  first  series  was  axial  compression  using  a  spherical  washer  to  minimize 
the  moments  at.  the  ends.  \  lead  screw  adjustment  at  the  lower  end  was  used  to  straighten  the  lordotic  curve  and  align 
the  spe<  iinm  (Figuiu  l). 

The  second  scries  was  a  combination  of  bending  and  axial  loading.  An  eight-channel  transducing  system  waa  used 
to  measure  the  a\In!,  1  aural,  and  anterior  forces,  the  flexion-extension  and  lateral  bending  moments,  the  linear  motion 
of  the  ram,  and  the  angular  motion  of  the  tpecimcn  ends  Loads  and  moments  were  measured  with  a  five-axis  load  cell 
assembly,  which  was  convtiuitcd  using  two  CSE  three- axis  ATI)  neck  load  cells.  The  motion  of  the  specimen  ends  was 
measured  with  an  internal  coaxial  linear  variable  differential  transfci mer  (LVOT)  and  two  external  rotational  variable 
dUferrnfici!  tninsfor mem  (RVDT).  The:.c  transducers  provided  data  to  establish  the  motion  of  the  two  specimen  ends 
from  direct  me.wuremiJits  of  the  total  bending  angle  and  rah  ulations  of  the  specimen  length  change.  The  internal  LVDT 
via:,  used  to  monitor  the  ram  motion  and  hence  the  displacement  of  the  clevis  end  of  tin*  lower  transfer  bar.  One  external 
RVDT  wa*»  used  in  the  pinnud-pinned  and  fixed-pinned  tests  to  track,  the  rotation  ol  the  specimen  end  of  the  lower 
transfer  bar  relative  to  the  ram;  the  second  external  RVDT  was  used  in  the  pinned -pinned  tests  to  track  the  rotation  of 
the  specimen  end  of  the  uppe*  transfer  bar.  Figure  2  is  a  schematic  diagram  of  the  test  apparatus. 

A  digit  J  measurement  and  analysis  lystem  ww  developed  utilizing  a  iii*x  logging  computer.  Tin.  multichannel 
piUrocomputnr-based  data  a.  «;i. isition  system  incorporated  an  RU  Elcci ionics  ISC-10  Computerscope  for  the  digitization 
and  storage  of  data  This  system,  which  consists  of  a  lb-ch  xnncl  A/D  board,  external  instrument  interface  box,  and 
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Figure  1.  Axial  Compression  lest  Fixture. 


Figiiie  2.  Free- fret  Test  Configuration 
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Scope  Driver  Boftwxr.,  hnj  »  1  Mil*  xggrcgatf  lumpliug  rale  capability  with  12  bit  evolution  and  v.ri.ea  data  directly 
to  a  hard  di»k.  In  addition,  duiing  the  failure  teats,  flouroacopic  images  were  recorded  on  videotape. 

THE  COMBINED  AXIAL  LOADING  -  BENDING  TEST  APPARATUS  -  A  specially  aeaigned  test  jig  was  de¬ 
veloped  to  place  the  specimen  in  s  stale  of  eccentric  axial  loading.  T’l..  resulted  in  a  combined  axial  load  and  bending 
moment  applied  at  the  ends  of  the  specimen.  The  apparatus  provided  adjustable  moment  arms  and  accommodated 
the  following  six  teat  modes:  coaipression  flexion  (OF),  teneion-tlecion  (TK),  compression-extension  (CE),  tension- 
extension  (TE).  compression- lateral  bending  (CL),  and  tension-lateral  bending  (TL).  Two  test  cjiifigurations  were  uti¬ 
lized:  (1)  pinned  pinned  end  conditions  (PP),  and  (2)  fixed  pinned  end  conditions  (FP) 

For  the  pinr.ed-pinned  end  coiiditinns,  the  upper  transfer  bar  was  attached  via  a  clevis  to  tiie  load  cell  assembly, 
which  was  rigidly  mounted  to  the  upper  platen  of  the  MTS.  The  lower  transfer  bar  was  attached  via  a  clevis  to  the  ran', 
of  the  MTS.  The  centerline  of  the  specimen  was  parallel  to,  but  not  coincident  with,  the  line  of  action  of  the  MTS  ram. 
The  clevis  end  of  the  upper  transfer  liar  was  constrained  from  translation.  The  two  external  RVI)Ts  were  mounted  on 
the  lest  apparatus  in  order  to  measure  the  angular  displacement  of  each  transfer  arm.  In  this  configuration,  the  specimen 
was  mounted  with  the  superior  end  attached  to  the  upper  transfer  bai  and  the  inferior  end  attached  to  the  lower  trsnsfci 
bar. 

For  the  fixed-pinned  end  conditions,  the  upper  clevis  and  corresponding  RVDT  were  removed  In  this  confiB^Hon, 
the  specimen  was  mounted  with  the  superior  end  attached  to  the  pivoting  lower  transfer  bai  and  the  infenoj  end  fixed 
to  the  load  cell  assembly,  which  was  rigidly  mounted  to  the  upper  platen  of  the  MTS. 

A  free  body  diagram  of  the  teat  configuration  ia  presented  in  Figure  3.  The  reference  center  line  of  the  fpecimen  is 
the  central  axis  of  the  spiral  foramen.  The  moment  at  the  center  of  the  specimen  iB 


Ma  1  Py*  ~  P*b, 


and  the  mcnocnt  measured  by  the  load  cell  is 


A/0  =  f\B. 


The  moment  induced  by  the  shear  force  P ,  was  significant  in  the  fixed-pirned  configuration  but  waj  negligible  in  the 
pinned  pinned  configuration.  The  apparatus  had  minimal  overshoot  and  vibration  below  test  frequencies  of  5  Hz.  Inertial 
forces  begin  to  predominate  above  10  11a,  and  this  is  the  current  system’s  upper  frequency  range. 

In  this  paper,  test  rates  will  be  described  in  Hertz.  The  test  period  is  the  reciprocal  of  the  frequency,  and  the  time 
to  penl  load  is  one-half  of  the  teat  period.  The  deformation  rate  is  the  maximum  deformation  in  angular  or  linear  units 
multiplied  by  twice  the  test  frequency. 

CONSTANT  VELOCITY  TESTS  -  Constant  velocity  tests  were  conducted  on  mechanically  stabilized  opines  ufing 
triangle  wave  deformations  at  frequencies  of  0.01,  0.1, 1.0,  5  Hz,  and,  for  some  specimens,  10  Hz.  Thus,  the  deformation 
rate  was  varied  by  a  factor  of  500-1000. 


Tigure  3.  Freebody  Diagram  for  the  Fixed- 
Pinned  Test  Configuration. 
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Typical  constant  velocity  moment-angle  curves  are  presented  for  human  and  Hybrid  III  cervical  spines  in  the  pinned* 
pinned  and  fixed  pinned  test  configuration  in  Figure*  A  and  6.  All  of  the  curves  exhibit  a  hardening  response  (increasing 
stiffness)  and  hysteresis.  The  human  and  Hybrid  III  responses  are  fundamentally  different.  The  Hybrid  III  shows  the 
classic  linear  viscoelastic  response  of  increasing  stiffness  with  displacement  rate  while  the  human  shows  little  change  in 
stiffness  or  hystereeis  over  the  rate  range  tested-  Since  these  feature*  of  hysteresis,  relaxation,  and  stiffness  are  not  very 
sensitive  to  the  rate  of  strain,  simple  linear  viscoelastic  models  would  not  be  appropriate  predictors  or  the  lime  dependent 
human  spinal  bending  responses;  and  the  more  complex  Maxwell- Weichcrt  quasi- linear  model  is  required  (6). 


Figure  4,  Typical  Constant  Velocity  I’rofile  for  Human 
Cervical  Spine  (Compression-Flexion). 


Figure  b.  Typical  Constant  Velocity  Profile  for 

Hybrid  III  Neck form  (Compression-Flexion) . 


TAIiLt  i.  CONSTANT  VLLOCITV  SUFfNlbS  {N~n»/rad). 
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Table  1  shows  the  stiffness  averaged  over  four  rates  for  all  specimens.  Three  distinct  terts  of  the  Hybrid  111  were 
performed  so  that  each  value  represents  the  mean  of  12  tests.  Several  observations  arc  apparent  from  this  data,  h  irst,  there 
are  significant  differences  between  the  bending  stiffnesses  of  the  cadaver  cervical  spine  and  the  Hybrid  111.  Second,  there 
arc  significant  differences  in  the  bending  stiffness  of  the  cadaver  cervical  spine  in  the  different  modes.  Tension-extension 
was  the  largest  with  a  stiffness  of  125  N-ro/Radian,  fixed-pinned  and  15  N-m/Radian,  pinned-pinned.  Compression-lateral 
was  the  smallest  with  a  stiffness  of  10  N-ra/Radian,  fixed-pinned  and  2.6  N-ra/Radian  pinned-pinned. 

Figure  6  shows  a  typical  response  pattern  for  the  human  cervical  spine  to  the  various  combined  bending  and  axial 
loading  modes.  Figure  7  shows  a  typical  response  pattern  for  the  Hybrid  HI. 

Constant  velocity  testing  in  axial  compression  was  also  performed  on  fourteen  specimens  The  average  stillness  prr 
motion  segment  was  571  newtons  per  centimeter.  Typical  test  results  for  a  single  motion  segment  are  shown  in  Figure  8. 


FAILURE  TESTS  -  After  the  battery  of  viacuelastic  tests  was  accomplished,  a  constant  velocity  failure  test  at  0.1  Hz 
was  performed  on  the  bending  test  specimens.  This  rate  was  used  so  that  Bouro6copic  images  of  the  specimen  motion 
could  be  obtained.  All  failure  tests  were  in  the  compression-flexion  mode  (OF).  After  the  tests  the  specimens  were 
examined  with  magnetic  resonance  imaging  (Mlil)  and  computerized  tomographic  radiography  (CT),  then  dissected- 
Table  2  provides  the  maximum  moment  axial  force  and  sheuj-  force  applied  to  the  specimen  and  the  bending  angle  at 
which  these  peaks  occurred.  The  first  four  tests  (1C,  2C,  3C,  4C)  were  performed  in  the  pinned-pinned  mode  and 
the  remainder  (6C,  7C)  Were  tested  in  the  fixed-pinned  mode.  In  the  pinned-pinned  configuration  the  specimens  were 
very  flexible  and  were  able  to  bend  through  on  average  or  45  degrees  without  an  unstable  dislocation.  These  specimens 
contained  C,  through  Ti  and  seven  intact  intervertebral  structure!.  This  is  approximately  6.4  degrees  per  vertebral 
level.  The  shear  forces  were  very  small.  The  axial  forces  were  low  enough  that  the  m^jor  stresses  were  due  to  the 
bending  moment.  The  primary  failure  mechanism  was  disruption  of  the  interspinous  ligaments  (ligament urn  nuchae), 
the  ligamentum  flavum  and  capsular  ligaments.  There  was  also  minor  anterior  wedging  of  the  middle  vertebral  bodies 
and  discs.  In  the  pinned-pinned  configuration  the  moment  is  maximum  in  the  middle  of  the  specimen.  This  may  be  the 
reason  that  the  most  frequent  spinal  cord  injury  level  observed  clinically  is  C\  -  C*  and  C8  -  C6  (5). 


Figure  6.  Typical  Bending  Responses 
of  Human  Cervical  Spine. 


Figure  7.  Typical  Bending  Responses  of 
Hybrid  III  Neckfopn. 
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in  the  fixed-pinncd  configuration  much  larger  axial  forces  are  required  to  produce  the  same  bending  moment  be- 
cause  the  shear  force  produces  a  counteracting  moment.  This  is  reflected  in  the  failure  mechanisms  by  superimposing 
compreaaivcly  induced  failures  (wedging  of  bodies  and  discs)  to  the  posterior  tensile  failures  due  to  bending. 

Figure  G  shown  a  composite  of  the  moment  angle  diagrams  for  the  failure  tests.  The  maximum  moment  ranged  from 
3.01  to  14.6  N-m.  This  large  range  is  probably  due  to  the  variation  in  the  size  of  the  specimens.  Specimen  1C  and  7C 
had  much  larger  vertebrae  than  the  others  as  demonstrated  by  the  CT  scans. 

In  the  axial  compression  mode  the  failure  test  was  performed  at  a  ram  velocity  of  64  cm/sec. 

Table  3  summariitw  the  type  of  failure,  the  maximum  load  and  deflections,  and  the  strain  energy  or  area  under  the 
loading  portion  of  the  load—deflection  curve  failure.  Figure  10  shows  a  representative  curve. 

The  following  four  failure  mechanisms  were  observed  for  the  axial  compression  tests. 

EXTENSION/COMPRESSION  -  As  the  body,  discs  and  facet  joints  resisted  the  load,  the  posterior  elements  were 
compressed  and,  as  failure  of  the  disc  and  end  plates  occurred,  the  cervical  spine  extended  in  a  forward  buckling  mode. 
Specimen  A80-339  tailed  in  this  way  with  rupture  of  the  anterior  longitudinal  ligament  and  detraction  of  the  anterior 
section  of  the  disc  between  C4  and  C5.  This  occurred  with  a  one  centimeter  posterior  eccentricity. 

JEFFERSON  FRACTURES  -  In  the  clinical  literature,  the  common  etiology  of  a  fracture  of  the  atl»3  is  a  direct 
blow  to  the  top  of  the  head  In  these  tests,  the  experimentally  produced  atlas  fractures,  which  were  usually  bilateral 
and  symmetrical,  involved  the  anterior  and  posterior  archa.  This  was  probably  due  to  the  compressive  force  driving  the 
articular  condyles  outward  and  bending  the  arches. 


Figure  9.  Failure  Curves  —  Compress  ion -FI  ex  inn. 


Figure  10.  Typical  Axial  Compression  lest  (A83-26). 


TABLE  3.  AXIAL  COMPRESSION  FAILURE  TESTS. 
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3560 
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B.O.S  to  Tl 

Anterior  Wedge  C5 

6  30 

4720 

3.0 
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BURS'!  FRACTURES  -  Comminuted  vertical  fractures  through  the  vertebral  body  produced  fraraentation  of  the 
centrum  into  a  number  of  large  pieces.  There  were  no  obvious  areas  of  compressed  cancellous  bone.  Analysis  oi  x- 
rays  taken  before  and  after  each  teat  indicated  that  the  specimens  that  burst  were  slightly  flexed  to  straight  while  toe 
specimens  that  sustained  the  Jefferson  fractures  were  slightly  extended  to  straight.  The  burst  fracture  required  larger 
forces  and  strain  energies  than  the  Jefferson  fractures.  The  load~defiectiun  diagram  exhibited  a  characteristic  M-shape 
or  twin  peak.  Specimen  A80-384  showed  multiph  -pll.es  in  the  first  peak  which  may  be  related  to  the  multiple  fracturing 
process. 

ANTERIOR  WEDGING  -  The  addition  Oi  the  ani&i*  flexing  moment  am  (h  <  1  cm)  using  the  t*3t  fixture  resulted 
in  compression  and  fracture  of  the  anterior  section  of  the  vertebral  body.  The  addition  of  a  slightly  larger  mument  u-.m 
l*1  5  1  cir)  produced  buckling  rc.trward.  Pieces  of  the  cortical  shell  were  displaced  in  a  random  pattern.  End  plate 
failure  occurred  and  the  intervertebral  disc  was  disrupted.  nowe%  e» ,  ll.v  amount  of  displ-^ement  applied  to  the  specimen 
did  not  result  ir  large  anterior  dislocation  or  rupture  of  the  anterior  rue-itudinal  ligament.  By  careful  alignment  and 
adjustment  of  the  slide-positioning  device,  we  were  able  to  produce  fra-turea  similar  to  those  obsejved  clinically.  But, 
after  fourteen  tests,  we  had  the  distinct  impression  that  one  r  -  two « .  niimeteia  forward  or  backward,  right  or  left,  made 
a  tremendous  difference  in  the  outcome.  Perhaps,  this  is  the  t.'ascn  -here  n  such  a  wide  range  of  refiponsca  to  cervical 
spine  compression  in  the  relevant  literature. 

SUMMARY  -  In  the  engineering  disciplines,  a  designer  starts  with  a  basic  building  material  and  shapes  it  into 
a  structure  with  specified  load  and  deformation  responses.  These  load  and  deformation  responses  are  defined  as  the 
structural  pioperlicfl.  The  structural  properties  ar?  determined  by  the  *i*e,  shape,  configuration  and  material  cf  which 
a  structure  is  composed.  In  contrast,  the  materiel  properties  are  independent  of  structure  or  shape  of  the  material 
under  consideration-  Since  the  human  body  exists,  it  exhibits  load  and  deformation  responses  which  determine  its  injury 
potential  in  traumatic  environments.  Knowledge  of  the  properties  of  the  material  of  which  the  human  body  is  composed 
is  useful  in  so  far  as  it  leads  to  a  better  understanding  of  these  structural  properties. 


This  study  demonstrated  the  complex,  time-dependent  responses  of  the  human  cervical  spine  and  the  Hybrid  III 
neckform  in  combined  axial  and  bending  deformations.  In  all  test  modes  (axial  compression*  tension-extension,  tension- 
flexion,  tension-lateral  bending,  compression-extension,  comp'esaion-ficxion,  compression-lateral  bending)  there  was  a 
large  difference  between  the  responses  of  spines  in  the  fully  equilibrated  and  mechanically  stabilised  states.  In  all 
test  modes,  the  time-dependent  responses  included  a  significant  viscoelastic  exponential  relaxation.  The  hysteresis  and 
stiffness  of  the  human  specimens  was  only  weakly  dependent  on  strain  rale. 

There  was  a  significant  difference  between  the  stiffness  of  the  cadaver  cervical  spines  and  the  Hybrid  In.  This  was 
expected,  since  the  psrformance  requirements  of  the  Hybrid  Ill  were  based  on  human  volunteer  data,  and  it  is  considered 
to  represent  a  tensed  human  neck  while  the  cadaver  spines  have  no  musculature  present  (l9).  The  Hybrid  Ill  responses 
were  the  typical  linear  viscoelastic  type.  That  is,  a  linear  differential  equation  would  provide  an  adequate  model.  The 
behavior  of  the  human  cervical  spine  was  more  complex,  however,  and  requires  a  quasi-lineai  model  (6). 

The  bending  stiffness  of  the  cervical  spine  was  significantly  influenced  by  the  direction  of  the  bending  moment,  the 
types  of  end  restraint,  the  magn  itude  of  the  deformation,  and  the  previous  deformation  history.  After  approximately  thirty 
deformation  cycles  a  mechanically  stabilized  state  was  attained  that  provided  repeatable  load-deformation  responses.  The 
tensile  modes  were  consistently  stiffer  than  the  compressive  modes.  This  may  be  due  to  a  shift  in  the  neutral  axis  toward 
the  tensile  side  which  pre-tensions  slack  ligaments  and  reduces  the  eccentricity. 

Simple  beam  theory  predicts  doubling  of  the  bending  stiffness  when  comparing  pinned-pinned  and  fcxed-pinned  ends. 
These  tests  showed  an  increase  in  stiffness  of  approximately  eight  times.  The  test  apparatus  used  in  these  teats  (and  by 
most  other  researchers)  constiained  the  pinned  end  to  move  in  a  straight  line.  This  produced  a  shearing  force  which, 
acting  over  a  relatively  long  Ew^-nt  arm,  stiffened  the  specimen.  This  shearing  force  not  only  changes  the  moment 
acting  on  the  specimen  but  also  influences  the  failure  mode.  Several  researchers  have  tested  cervical  specimens  without 
well  controlled  and  monitored  end  conditions.  Most  other  works  report  only  the  axial  load.  These  experiments  indicate 
that  when  the  loading  is  eccentric  (as  it  almost  always  is),  the  primary  deformation  mode  is  bending;  and  the  moment 
applied  to  the  specimen  is  strongly  influenced  by  shear  forces  and  the  magnitude  of  the  eccentricity.  The  axial  load  is 
therefore  a  poor  indicator  of  the  type  and  magnitude  of  failure  streusec. 

After  failure  loading  many  of  the  specimens  imaged  with  plain  radiographs,  computed  tomography  and  1.5  Tesla 
MRI  to  detect  patterns  of  injury  and  to  determine  the  efficacy  of  each  imaging  modality  in  detecting  spinal  iryuiy. 

Complete  tears,  buckling  ar.d  stripping,  as  well  aj  more  subtle  disruptions  of  the  ligamentum  fiavum,  capsular, 
anterior  and  posterior  longitudinal  ligaments  were  observed  on  MR  examination.  Over  90%  of  tne  ligamentous  injuries 
were  accurately  depicted  by  MIL  MR  was  clearly  superior  to  CT  in  detecting  soil  tissue  and  ligamentous  injuries.  Studies 
in  patients  suggest  that  MR  demonstration  of  these  injuries  in  vivo  is  also  feasible. 
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SUMMARY 

A  statistical  study  wap  made  of  six  bead  kinematic  response  curves  for  a  set  of  57  human  and  29  animal 
(rhesus)  -X  impact  acceleration  tests  conducted  st  the  Naval  diodynanucs  Laboratory.  The  acceleration  levels 
ranged  from  six  to  fifteen  g’s  for  humans  and  42  to  IU6  g’s  for  animals.  The  six  analyzed  responses  included 
the  X  and  7.  components  of  tht  linear  acceleration  and  displacement  and  the  V  «>:is  angular  acceleration  And 
displacement.  Kach  head  kinematic  rt*si>onsc  variable  was  non- linearly  regressed  on  sled  acceleration  profile 
and  head  orientation  parameters.  Regression  equations  for  rhesus  and  human  kinematics  had  the  same 
exponential  functional  form  with  correlations  ranging  from  0.50  to  0.95.  .Statistical  measures  of  good  ness* -of - 
fit  were  highly  significant. 

The  results  confirm  that  the  rhesus  hcnd/neck  is  a  good  biomechanical  model  for  the  human.  Extension 
of  this  approach  can  lead  to  the  scaling  of  kinematics  between  humans  end  animals  which  tan  he  used  to 
develop  nn  ijury  prediction  model  for  humans,  l-utcre  applications  include  re-analysis  of  previous  results 
on  the  effects  of  mass  distribution  parameters  on  head/ neck  dynamic  resj»ons»'. 


INTRODUCTION 

Airrrew  injuries  sustained  during  emergency  egress  and  recovery  are  a  ubiquitous  aource  of  loss  in 
military  aviation.  The  Naval  Biodynanucs  Laboratory  (NAVBIODYNLAB)  is  studying  human7  and  rhesus  monkey3 
head  and  neck  response  to  whole-body  Acceleration  to  develop  predictive  models  for  neck  injury.  These 
models  can  also  be  used  to  predict  the  effects  of  added  head  mass  and  shifts  in  head  rentcr-of-gravity  as 
produced  by  head-mounted  systems.  While  human  head -neck  kinematics  for  the  -X  vector  direction  have 
been  successfully  modelled  utilizing  a  deterministic  head-neck  linkage  model  (1,6-lOJ  driven  by  accelerations 
at  T-l,  the  first  thoracic  vertebral  body,  tlie  lack  of  rhesus  1-1  data  precludes  the  dcveloj  mrnt  of  a  similar 
animal  model.  The  large  database  of  rhesus  kinematic,  injury  and  pre-injury  data  fll,l2j  collected  at  the 
NAVBIODYNLAB  requires  other  moans  for  scaling  human  and  rhesus  head  kinematic  responses.  Although  no 
deterministic  linkage  model  is  available  for  the  rhesus  kinematics,  preliminary  results  1 1.1]  provided  evidence 
that,  except  for  scale,  the  underlying  structure  of  key  human  and  rhesus  responses  is  essentially  the  same. 
This  paper  extends  those  results  and  provides  a  regression  model  for  human  and  an  mini  kineruitn  s  using 
sled  acceleration  profiles  a  r.J  head  inil.  »i  orientation  paramr  tors. 


METHODOLOGY 

(1)  Database.  The  data  used  ir  thin  analysis  were  a  sunset  of  the  lai  ge  amount  of  human  and  rhesus 
kinematic  -Gx  data  collected  over  the  years  at  NAVBIODYNLAB.  The  experimental  ami  instrumentation  detAils 
have  been  extensively  reported  elsewhere  (2-5,  11).  Briefly,  the  human  volunteers  And  animals  are 
instrumented  to  measure  head  displacement  and  linear  end  angular  acceleration.  The  subjects  are  seated 
with  full  torso  restraint  and  the  unencumbered  head  and  neck  ire  allowed  to  move  freely.  Table  1  contains 
the  parametric  details  for  the  57  human  sled  acceleration  profiles  and  Table  2  the  details  for  the  29  animal 
profiles.  The  identified  parameters  include  peak  sled  accelerat’on  (PSA),  rate  of  acceleration  onset  (KOO), 
end3troke  sled  velocity  (ESI),  and  the  duration  of  peak  acceleiation  (DOPJ.  Figure  1  illustrates  the  time 
truce  of  a  human  and  animal  sled  acceleration.  The  Six  kinematic  variables  studied  were  the  head  X  and  2 
linear  displacement  (DAX,  DAZ  respectively)  and  acceleration  (AAX,  AAZ)  and  Y  angular  displacement  (PHD) 
and  acceleration  (QFIB/.  PAX,  DAZ,  AAX,  and  AAZ  measured  the  kinematics  of  the  head  anatomical  origin  with 
reBpect  to  the  sled  coordinate  system  PilB  and  QHB  were  measured  with  respect  to  the  Y-axis  of  the  head 
anatomical  coordinate  system.  An  example  of  an  original  set  of  dtta  is  shown  in  Figure  2  which  is  a  plot 


1  The  interpretations  and  opinions  in  this  work  are  the  author's  and  do  not  necessarily  reflect 
the  policy  and  views  of  the  Navy  or  other  government  agencies. 

2  Volunteer  subjects  were  recruited,  evaluated,  and  employed  in  accordance  with  the  procedures 
specified  in  the  DeriarLment  of  Defense  Directive  3216.2  and  Secretary  of  the  Navy  Instiuction  3900.39 
pei  ics.  These  instructions  meet  or  exceed  prevading  national  and  international  standards  for  the 
protection  of  human  subjects. 

s  The  animals  used  in  this  work  were  handled  in  pi c’- -dan  ^  with  th''  principles  outlined  in  the 
guide  for  the  care  and  u-**  of  iuboiawry  animals  (National  Institutes  of  Health  Document  No.  NI480-23) 
established  Ly  the  Institute  of  Laboratory  Animal  Resources,  National  Research  Council,  Betheoda,  MU. 


1 1  2 

of  the  human  X  axis  linear  head  di9pla:eui**iiLa  (DA a).  Figure  3  is  a  similar  plot  cl  the  set  of  Atininl  PAX 
data. 


Table  I 


Tabic  11 


Hl'MA*:  SLIT)  AfXH.KHUTON 
FAKAMETKK3 


KtN 

rs/. 

roo 

LSV 

OOP 

<tn/s?) 

(o/s3) 

(m/s) 

(ns) 

L<3858 

61 

1370 

10.0 

118.5 

I.X3870 

61 

1356 

ir.o 

119.4 

LX3872 

60 

1344 

l\9 

121.5 

LX3876 

59 

1328 

9.8 

119.8 

I.X3878 

61 

1395 

10.0 

118-6 

I.X  3880 

61 

1328 

10.0 

118.7 

LX  3883 

80 

2023 

12.0 

113.0 

LX  3886 

80 

1990 

12.0 

114.6 

I.X3887 

59 

1315 

9.8 

120.2 

LX3890 

80 

2007 

12. C 

11). 2 

LX 3894 

82 

2008 

12.1 

111.0 

LX3895 

81 

2020 

12.0 

112.2 

LX3898 

82 

2023 

12.1 

114.4 

LX3901 

78 

1955 

11.9 

116.5 

LX3903 

100 

2781 

13.7 

106.7 

1.X39U 

100 

2675 

13.8 

105.3 

LX3916 

101 

2705 

13.8 

104.9 

LX3918 

100 

2870 

14.0 

109.3 

LX 3 920 

121 

3837 

15.4 

101.7 

1.X  392 1 

118 

3744 

15.1 

100.8 

LX3924 

122 

3791 

15.4 

98.5 

LX3926 

119 

3718 

15.0 

100.8 

1J43927 

120 

3696 

15.3 

101.2 

I.X3928 

101 

2727 

13.8 

105.5 

LX3939 

121 

3737 

15.4 

99.7 

LX 3940 

121 

3714 

15.4 

101.2 

L.X3941 

122 

3740 

IS. 5 

97.7 

LX 3 94 2 

118 

3741 

15.3 

102.2 

LX  3 94 6 

133 

4261 

16.2 

93.5 

LX 394 8 

134 

4419 

16.1 

91.0 

TV 3949 

1 13 

4359 

16.1 

92.8 

I, “3953 

130 

4338 

16.0 

97.2 

LX3954 

138 

4688 

16.5 

92.9 

LX3955 

133 

4345 

16.2 

93.7 

LX3957 

143 

4981 

16.8 

90.9 

LX3958 

143 

4845 

1b .  9 

91.0 

LX  3°  59 

145 

4573 

16.8 

8e.9 

LX3962 

138 

4646 

16.6 

93.9 

LX3963 

142 

4664 

16.7 

91.1 

LX3965 

143 

4830 

16.7 

89.9 

LX3968 

140 

4793 

16.5 

92.1 

LX3969 

151 

5356 

17.2 

88,1 

LX3970 

152 

5235 

17.3 

87.6 

LX3972 

151 

5421 

17.3 

88.9 

LX3982 

153 

5305 

17.5 

88.4 

LX3983 

153 

5276 

17.5 

89.1 

LX  3  98  5 

100 

2858 

13.8 

106.4 

LX3986 

152 

5266 

17.3 

87.1 

LX3987 

142 

470? 

168 

91  .7 

LX39P  > 

100 

2842 

1  j.8 

i0t> .  5 

I.X399 

1 51 

5163 

17.3 

88.9 

LX3991 

100 

2869 

13.9 

107.4 

LX3993 

100 

27  38 

13-8 

107.1 

LX3995 

100 

2757 

13.8 

106.4 

LX3997 

80 

1992 

12.1 

114.5 

LX399B 

100 

2796 

13.7 

106.2 

LX3999 

101 

2811 

13.9 

105.6 

j  AM  HAL  51.11 

ACi’M-KKATIOS 

I'AKAKETKRS 

Kt;K 

PSA 

800 

KSV 

OOP 

(ills  ) 

1X4790 

8)4 

80 

26.1 

20.9 

1.X4  791 

988 

113 

28.3 

19.3 

IA4799 

1041) 

1  i) 

29.0 

19.2 

LX48C1 

995 

134 

28.4 

20.4 

1.X480  3 

844 

99 

26.4 

22.4 

LX4810 

54  5 

43 

21.4 

25.9 

LX4814 

692 

65 

23.9 

23.9 

1A4H20 

54  5 

4  2 

21  .3 

2».  n 

LX4822 

84  3 

8b 

26.2 

22.1 

1X5135 

409 

21 

1  R .  8 

31 .  1 

LX5147 

728 

60 

24.8 

22.5 

LX  5 1  50 

4  1  1 

21 

16.9 

31.0 

l.X  51 5  5 

412 

20 

18.9 

30.5 

LX  5 15ti 

M  5 

26 

19.0 

31.8 

LX5157 

411 

20 

18- 8 

28.0 

1.X5166 

732 

56 

24.8 

2?  •  2 

I.X5105 

74  4 

71 

25.3 

22  8 

LX5768 

57C 

)8 

22.0 

25.9 

I.X5770 

559 

U  i 

22-0 

27.8 

IAS772 

55fc 

4u 

21  9 

27.6 

LX5774 

555 

52 

22.0 

29.6 

LX5777 

7  30 

54 

25-1 

22.3 

LX5779 

554 

43 

21.9 

28.5 

LX >782 

7  33 

55 

25.1 

22.3 

LX '■•784 

7)0 

53 

25.0 

22.6 

LX5786 

870 

76 

27.1 

20.5 

1.X5793 

880 

79 

27.2 

20.5 

LX5795 

897 

75 

27.5 

19.9 

LX5797 

889 

83 

27.5 

20.8 

TIME  (SEC) 


Figure  1.  Comparison  of  sled  accelerations. 
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Figure  2:  Human  X  axis  linear  head  displacc- 
mcnts  (DAX)  in  the  Bled  coordinate  Bystern. 


Figure  3:  Rhesus  X  Aria  linear  head  displace¬ 
ments  (DAX)  ir.  the  sled  coordinate  system. 


(2)  Analysis.  The  first,  step  in  the  statistical  curve  fitting  procedure  was  to  identify  the  key  inde¬ 
pendent  variables  which  fortr.  the  basis  of  the  regression  procedure.  The  fi\e  variables  previously  Identified 
1 1 J ]  were  used:  the  initial  linear  displacements  of  the  head  in  the  X  (DAX,)  and  Z  (DAZ,)  directions,  the 
initial  rotation  of  the  head  About  the  head  anatomical  Y-axis  (I’HB,),  the  peak  sled  acceleration  (PSA)  and 
the  end  stroke  sled  velocity  (ESV).  For  the  non-linear  regression  computations,  the  BMDP  P3R4  program  wab 
used  to  determine  the  parameter?  of  an  exponential  model.  For  each  of  the  three  sets  of  head  displacement 
data,  two  related  parametric  models  were  developed.  In  the  first  mode],  eacn  displacement  curve  D(t)  was 
assumed  to  te  of  the  form: 


D(tl  =  p,tp!e'l>'t  U) 

where  t  is  time  and  p,,  p2,  and  p,  are  the  unknown  parameters  estimated  by  the  non  linear  regression 
procedure. 

These  three  parameters  were  then  regressed  against  the  five  independent  variables  using  the  DMDP  P6R 
and  T9R4  programs.  The  results  of  this  regression  then  further  improved  by  a  changing  the  parameters  of 

equation  (l).  This  resulted  in  the  final  head  displacement  model  of  the  forru: 

DO.)  =  <i,lUAii]lell~l/l*Jl)<,s  (2) 

where  t  is  time,  q,  -  pjlife/e)”*  -  the  peak  (maximum)  value  of  Bit),  -  p</p5  ~  ,hp  ,imH  tn  the  peak  of 

the  displacement  curve,  D(t)  and  q3  =  p2.  Equation  (2)  facilitates  the  study  of  the  effects  of  the  independent 

variables  on  the  timing  and  magnitude  of  maximum  head  displacement.  Confidence  ranges  for  (2)  were  also 
computed. 


RESULTS 

The  five  independent  vai  iables  were  sufficient  to  predict  all  chosen  head  displacement  data  with  RJ 
values  ranging  from  0.50  to  0.95.  The  actual  coefficients  for  equation  (1)  (and  by  computation,  for  equation 
(2))  are  functions  of  the  independent  variables  DAX,,  DAZ,,  PHB,,  P3A  and  ESV.  Appendix  !  hats  the  matrix 
expressions  for  evaluating  these  coefficients  for  the  three  human  and  rhesus  head  displacement  variables. 
Figures  4-9  illustrate  the  confidence  bands  for  the  regression  results.  Each  figure  shows  the  mean 
predicted  displacement  curve  and  the  95%  confidence  band.  Superimposed  on  each  plot  is  a  sample  measured 
displacement  curve,  illustrating  the  gem  rally  excellent  fit.  In  these  figures,  displacements  are  plotted  with 
respect  to  the  initial  head  poBitior.  The  confidence  intervals  for  the  rhesus  data  are  greater  than  those 
for  the  humans,  reflecting  the  greater  variability  in  the  animal  data.  This  can  be  seen  by  comparing  Figures 
2  and  3.  Nonetheless,  the  displacement  equation  (2)  provides  a  powerful  tool  for  modelling  both  human  and 
head  displacements  under  conditions  of  -X  impact  acceleration. 


4  BMDF  Statistical  Software,  198C:  Nonlinear  Regreseion  (P3R),  Partial  Correlation  and  Multivariate 
Regression  (P6R),  All  Possible  Subsets  Regression  (P9P). 
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Figure  4:  Human  X  axis  linear  head  displacement 


Figure  5:  Rhesus*  X  axis  lineal*  head  displace¬ 
ment 


Figure  6:  Human  Z  axis  linear  head  displacement  Figure  7:  Rhesus  7  Axis  linear  head  displace¬ 

ment 
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Figure  8:  Human  Y  axis  angular  head  displace¬ 
ment 


Figure  9:  Rhesus  Y  axis  angular  head  displace¬ 
ment 


CONCLUSIONS 

The  results  of  thia  Btudy  provide  an  analytical  approach  to  extrapolating  human  volunteer  kinematics 
to  levels  of  exposure  where  injury  would  be  expected.  Since  the  same  analytic  model  (equation  (21)  describes 
rhesus  and  human  head  kinematics,  the  rhesus  is  an  excellent  biomechanical  surrogate  for  the  human  Pre¬ 
vious  work  Indicates  a  threshold  for  rhesus  head/neck  injury  at  approximately  600  m/s7  111,  12, 1 4 ] .  To 
determine  the  equivalent  threshold  level  for  humans,  the  biomechanical  properties  of  the  rhesus  head  (e.g., 
mass,  centre  -of 'gravity,  moment**)  must  be  measured.  Once  these  data  are  obtained,  a  transform  of  rhesun 
dynamics  (forces  and  torques)  will  provide  scaling  information  enabling  inju«y  thresholds  to  be  estimated 
for  humans. 

Another  important  application  of  these  results  is  to  analytically  validate  anthropomorphic,  manikins  and 
biomechanical  computer  models.  1'hc  model  equations  can  be  used  to  check  the  displacement  equations 
obtained  from  these  other  models  over  a  wide  range  of  g-levels.  Similarly,  these  same  techniques  can  be 
used  to  analyze  kinematic  data  obtained  from  helmeted  human  volunteers.  This  analysis  could  help  establish 
tolerance  limits  for  inertial  loading  due  to  the  added  head  mass  of  helmets  and  helmet-mounted  systems. 
Efforts  continue  at  NAVBLQDYNLAB  to  extend  the  validity  of  this  modelling  approach  to  other  acceleration 
directions  and  to  directly  address  the  problem  of  human  injury  tolerance  under  a  variety  of  head-loading 
conditions. 
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t'he  matrix  solution  for  parameters  to  predict  linear  and  angular  heavi  displacement  is  of  the  form; 

(q3.  qs.  qtl  a  U>ax,,  daz,  .  niB,,  thh1,  psa,  esv,  ij  aTiS  (3) 

where  Ar  3  ia  a  7x3  coefficient  matrix  with  one  of  the  following  element  structures: 


DAX  -  Human 


DAZ  -  Human 


PUB  -  Human 


♦  1.1784 
-0.1832 
-1.4179 

-11.4412 

♦0.0219 

-0.4200 

♦  1.3265 


-0.0881 

♦0.0421 

-0.0223 

-0.1249 

-0.0002 

-0.0044 

♦0.0435 


-0.4068 

♦0.3450 

-0.0363 

-0-1279 

-0.0004 

+0.0051 

-0.9147 


♦  2.3642 

-0.0276 

♦0.2631 

♦  5.1582 

♦0.0390 

-0.406t> 

-1.4550 

♦0.0090 

-0.0267 

-9.5676 

♦0.0478 

♦0.0019 

-0.007? 

♦O.0CO2 

♦0.0000 

♦  0.0798 

-0.0093 

-0.0072 

-1.0687 

♦0.1333 

+0.8987 

♦6.5059 

-0.1277 

-2.0796 

<  15.76 1 0 

♦  0.0795 

♦  1.7881 

-8.5138 

-0.0G32 

-0.5042 

♦  30.2184 

-0.2680 

-0.1416 

-0.0509 

♦0.0000 

-O.OU24 

♦0.5487 

-0.0086 

♦0.0886 

-14.4521 

-0.0592 

-1.5279 

DAX  -  Rhesus 


DAZ  -  Rheaut 


PHB  -  Rhesus 
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ANALYSIS  OK  Tin.  PIOMKCHANIC  AND  LUCDNOMlO  ASPECTS 

of  Tin:  cervical  spine  under  load 
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E.R.  lio*  i  sell,  Surgeon  Gunoial’s  Olfice,  Royal  Net  Ihm  lands  An  fouv,  Soest clbct y , 
The  Nethai Lands 


NUMMARY 

In  high  per  lot  mance  aiin.ift  coral -1  icat  od  loading  situations  aiis--,  i'.y.  when  the  head  ot 
the  1  lici  is  lutned  I'.ukwmds  and  rapid  a'\fh*ial  hmi«  appi-ai  .  To  obtain  nun  e  insight  in 
the  loict’s  on  the  coivic.il  spine  a  spatial  biomechanical  computet  model  has  been 
introduced.  The  reseat ch  staited  with  the  development  of  n  kinematic  model  which  imposes 
the  axes  ol  iotativ>n  and  mutual  position  of  head  and  veil  chi  nr  in  illation  to  flexion, 
extension,  lateral  lex ion  and  tcisiou. 

Subsequently  lines  ot  action  of  imisrh'  lot  con  veto  intioduced  as  well  as  exlettj.il  loads 
acting  on  the  centio  of  mass  ol  head  and  helmet  bom  by  ytavity  and  by  acre  let  at  ions  m 
dilfeient  ill  lections.  Measurements  wvio  carried  out  ot  accoicmt  ions  and  head  positions 
dut  xru  novel  a 1  flights,  a.o.  represent iny  ,m  combat.  Next,  vt  1 1.  the  help  ot  the 
biomechanical  model,  forces  in  vertebrae  «iud  muscles  could  be  estimated. 

Although  in  the  present  stage  ol  the  research  results  ol  call'd]  at  ions  must  be  interpreted 
caxcluily,  conclusions  can  bo  d  i  awn  with  to  sped  to  sitting  pOKluie,  head  position  and 
he  1  me t  de wees. 

Maximal  ioices  calculated  appeal  to  be  .athoi  high.  However t ,  t  *o  Jew  data  on  failure 
behaviout  exist  to  diuw  conclusions  as  to  (long  term)  dot  i  mnnta  1  etfocts. 


1.  introduction 

The  vast  majority  of  literature  on  l  iomechanivo  deals  with  bujg«i  jointr.  ];’  ip  a  1 

knee.  With  icuaid  to  the  spine  most  research  is  devoted  to  the  lumbar  area  ..  to  ■  »e 

thot a co lumbar  spine  with  respect  to  scoliosis.  Comparatively,  research  rn  tb*  .  » \ . a  I 

spine  is  very  limited,  giving  a  lacx  of  kinematic  and  ant  lu  opomot  r  ic  data.  Tn.  present 
study  must  be  weighed  in  this  liqht. 

Pe  Oi  a*  f  and  Ingels1  and  Ayhma’  studied  cervical  complaints  with  F-1F  pilots  and 
concluded  that  the  oiigine  of  discomfort  and  fatigue  closeiy  relates  to  the  amount  and 
duration  of  the  "vcitical"  acceleration  (A^-accdei  at  *on)  .  Also  thi  weight  ot  the 
helmet,  the  head  position  and  the  fatigue  of  the  aviator  play  an  important  role.  To 
these  aspects  in  aeiospace  medical  literature  few  attention  is  paid.  Most  of  tin  studios 
deal  with  the  oiigine  ol  acute  trauma  by  unexpected  movements  by  the  auetatt  ami  t  li*  • 
use  of  tl»c  election  Seat.  Also  expei  imentol  research  has  been  don*  on  maximal 
sustainable  tor  cos  ir  the  neck. 

The  aim  or  this  study  is  rosttietod  to  the  analysis  of  the  load  on  neck  structures  under 
high  G-load.  A  biomechanical  model  is  introduced  giving  access  to  the  calculation  of 
forces  * »•  a  number  of  neck  muscles  and  in  the  joints  ot  the  Cervical  spine.  The 
distribution  of  fci  cos  ir.  a  specific  joint  is  not  auaJyseu. 

Calculations  aie  based  on  meusu: en.ent s  on  common  flight  operations.  Furthermore  by 
computet  simulation  the  influence  ot  the  helmet  and  of  the  positioning  ol  helmet 
mounted  devices  on  the  load  in  the  cervical  spine  is  estimated. 

2.  BIOMECHANICAL  M0DF1. 

2.1  Kinematic  model 

Heat!  and  neck  form  a  kinematic  chain  consisting  of  eight  links.  Every  link  has  six 
degrees  of  freedom.  The  connecting  ■joints  restrict  the  deqi.os  of  freedom  and  the 
amount  of  motion.  The  upper  cervical  spine  consists  ol  atlas  and  axis  which  form  a  loose 
connection  which  means  that  for  the  positioning  and  stability  ol  the  head  mu  scul.it 
forces  are  always  needed.  The  vertebrae  C3-C7  possess  intervertebral  discs.  In  the 
following  the  first  simplification  regards  the  assumption  that  the  ax**s  of  rotation  ate 
located  in  the  middle  cl  the  respective  joints.  In  the  atl.into  occipital  joint  ,  however, 
the  axis  for  lateral  flexion  is  pot  on  the  same  level  as  the  axis  foi  antoilexjon  and 
retroflexion.  Furthermore,  combining  the  lower  cervical  spine  to  one  link  (C3-C7)  leads 
to  Fig.  1  where  A  is  the  angle  in  the  ut  lat.ic  1 tal  joint  <R!  .  is  the  angle 
between  atlas  and  axis  (C) ,  and  v  is  the  angle  between  axis  and  C3  (K) .  The  origin  01 
the  coordinate  system  is  on  the  caudal-dor  sal  coiner  of  the  vertebra  C 7.  The  length  cf 
the  link  OK  is  variable,  depending  on  the  inclination  angle. 

The  point  TC  is  situated  at  the  tep  ot  the  clivus  cox  responding  with  the  location  ol  the 
centre  of  gravity  of  the  head.  The  point  AK  is  point  of  attachment  of  dorsal  neck 
muscles  jt  the  protuberance  occipitalis.  The  angle  of  the  head  with  respect  to  movement 
in  the  sayittal  plane  is  called  h  .  The  configuration  of  joints  in  Fig.  1  represents  the 
neutral  position  of  the  head  which  is  taken  when  the  pet  son  looks  in  forward  dii»  tion 
with  the  direction  of  looking  under  IS”  with  the  horizontal.  Calculations  ate  ba*.  d  on 
the  until1  opomoti  i c  data  valid  foi  an  average  adult  man  (l)nl  el  ol. 

The  next  part  of  the  kinematic  model  deals  with  the  relationships  of  the  head  and  the 
respective  vertebrae  while  bending  forward.  A  distinction  is  made  between  the  stages 
knicking  ir.  Cqj  during  the  first  8°  of  lolation,  and  buckling  and  bending  of  C23  and 
C37  between  8°  and  45°.  In  this  phase  Cqi  shows  a  relative  retroflexion  from  +8°  to  -8°. 
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Fig.  1 

Kinematic  model,  neutral  position.  Ventral  side  is  at  the  left. 

R  is  axis  of  rotation  in  the  atlanto  occipital  joint. 

TC  is  centre  of  mass  of  the  head  and  AK  point  of  attachment 
of  dorsal  neck  muscles. 

So  for  this  stage  of  anteflexion  the  following  algorithms  are  assumed  in  the  kinematic 
model : 


8“  <  3  1  45° 

AX  «  8°  -  1  #>/ 3“  (P  -  8°)  (Knicking  on  C01) 
An  -  8/37  (8  -  8°1  (buckling  on  C12) 

Av  *  20/3  7  ( P  -  8°)  (bending  or.  C?j> 

A<f  -  -2S/37  ^(P  -  4  (bending  on  C37) 

\GE  j  —  GjJ  1  ; 

CC  =  OEi  «  _ - L-  {»  -  8 " ) 


For  extension  movement,  lateral  flexion  and  axial  rotation  similar  algorithms  arc 
introduced . 


Fig.  2 

Forward  bending  in  the  model.  The  first  8°  from  neutral  position, 
the  head  knicks  in  Cqj.  The  next  phase  between  8°  and  43° 
knicking  of  the  head,  buckling  of  the  atlas  and  bending 
of  the  lower  cervical  spine  occur. 


2.2  Fiee  body  diagrams 


The  next  step  in  biomechanical  modelling  is  the  introduction  of  forces  raised  by 
muscles.  Fiist  the*  muscles  arc  selected  that  are  supposed  to  contribute  most  to  the 
stabilization  of  head  and  neck.  Next  origo  and  insertion  of  each  muscle  had  to  be 
estimated*  based  on  anatomy  text  books  and  anthropometric  literature.  In  Fig.  3  the 
free  bodv  diagram  ol  the  head  i9  given,  where  FTRR  and  FTRL  arc  the  line  ol  action  of 
respect ive  1  y  the  right  and  the  left  trapezius  muscle.  The  letters  FSCML  and  FSCMR  stand 
foi  left  and  right  sternouleidomastoidius  muscle.  FRC  is  the  ir..  lectus  capitus  presented 
him-  by  one  litu*  of  action,  attaching  the  frontal  side  of  the  arc  of  the  atlas.  The  origo 
is  located  on  the  pars  basilar  in,  point  PD. 

2  t—l 


Fig.  3 

Free  body  diagram  of  the  head. 

The  dotted  lines  represent  lines  of  action  of  muncles. 

Comparable  with  the  free  body  diagram  of  Fig.  3  a  separate  diaqran  ir  made  for  the  atlas 
and  for  the  lower  cuivical  spine.  With  regard  to  the  equilibrium  of  the  atlas,  special 
attention  i&  paid  to  the  force  in  the  ligament urn  X ransversum  atlantis.  As  shown  in 
Fiq.  4  in  foivard  bend  position  the  force  between  dens  and  ligament  (FT)  can  become 
considei able .  In  upright  position  this  force  is  almost  absent. 

Rased  os.  the  f»oe  body  diagrams  indicated  above,  Fiy.  5  it  the  result  of  the  calculation 
of  equilibrium  of  moments  and  forces  when  the  head  in  in  neutral  position.  Here  rhe 
input  parameter  is  the  weight  of  the  head  being  ca.  4t  N.  From  the  calculation  of  the 
equilibrium  of  the  head  tr.e  muscle  forces  ami  the  toLol  leautior.  force  ir.  the  atlantc 


Forco  FT  in 
from  pressure  of 


Fig .  4 

the  ligament urn  transversum  atlantis  arising 
the  dens,  preventing  shearing  of  atlas  on  axis. 
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Fig .  5 

Forces  in  muscles  and  joints  when  th>'  head  is  in  l.outral  position. 

Fn  is  the  joint  reaction  force  in  the  atlanto  occipital  joint. 

FK  in  C23  and  FR  in  C7Tj . 

The  joint  reaction  forces  are  in  the  sagittal  plane,  the  muscle  forces  arc  not. 

occipital  joint  arc  deiivcd.  Next  the  equilibrium  of  the  atlas  is  calculated  with  the 
atlanto  occipital  joint  reaction  force  calculated  earlier  as  an  input  parameter.  The 
same  procedure  followed  for  the  lower  cervical  spin*'.  Due  to  t  lie  number  of  muscle  forces 
the  static  model  is  over-determined.  Therefore  a  basic  opt imal i sat  ion  algorithm  is  used 
by  which  three  muscle  groups  are  selected  for  every  link  leading  to  the  smallest  joint 
reaction  force  (Lone  contact  force) . 

Starting  from  Fig.  5  calculations  can  be  performed  for  flexion,  extension,  1 atcrof lex  ion , 
torsion  and  combinations  of  these  different  rotations.  As  an  example  in  Fig.  f>A  the 
joint  reaction  forces  are  calculated  for  the  maximal  excursion  in  axial  rotation  and  m 
Fig.  6n  a  plot  of  some  muscle  forces  is  g»vcn. 

A  sensitivity  analysis  has  been  executed  to  determine  vnich  parameters  influence  the 
results  most.  Ir;  the  neutral  position  and  the  extreme  positions  all  param stern  have  Leer, 
varied  one  after  the  other  up  to  a  deviation  cf  10%.  Those  parameters  are  understood  to 
Lc  critical  when  the  influence  in  the  results  became  grcatei  than  i  104  As  expected  jt 
appeared  that  geometry  in  neutral  position  shewed  most  influence.  With  the  parameter  4q 
the  joint  reaction  force  FR  showed  a  deviation  up  to  25%.  This  force  snowed  a  deviation 
Of  6C%  when  to  all  parameters  a  deviation  of  10%  was  given.  So  the  sensitivity  of  the 
model  for  geometric  data  is  fairly  great,  emphasizing  the  importance  of  iciiubU* 
anthropometric  data. 
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A:  Relation  between  joint  reaction  forces  and  axial  rotation. 
D:  Relation  between  muscle  foices  and  axial  rotation. 

F  in  N ,  gamma  ir.  degieos. 


3.  METlluDS  ANp  MATERIALS 

Measurements  were  executed  wi  h  one  pilot  performing  a  number  of  normal  flight  operations 
with  an  ltisti  umenteu  K-Jb.  tor  determination  ul  :  he  position  cf  the  head  dnrsng  flight 
the  standard  F-16  video  camera  was  turned  ieo°.  On  the  heimot  and  the  shoulders  markers 
were  fixed  allowing  for  three-dimensional  reconstruction  of  position.  To  determine  the 
direction  and  the  magnitude  of  the  acceleration  vector  acting  on  the  head  thr2C 
accelerometers  were  iocated  O-.  the  helmet  in  a  perpendicular  coordinate:  system.  Data 
acquisition  and  calculations  v.ru  executed  by  the  Dutch  National  Aerospace  Laboratory. 

The  inaccuracy  of  the  head  position  angles  obtained  by  the  method  described  is  estimated 
on  3-4°.  The  accuracy  of  the  accelerometers  is  approximately  0.2  m/s^. 

Four  flignts  were  performed  with  a  pilot  of  average  posture.  From  these  flights  330 
situations  were  randomly  selected  and  analysed. 

Figure  7  gives  the  spectrum  of  the  vertical  acceleration  A^ .  It  appears  that  the  value 
of  -Gj,  remains  below  2  +  GZ  during  49%  of  the  total  time  of  the  flight.  During  5%  of  the 
time  values  of  7-9  appear. 

With  respect  to  the  four  flights  an  analysis  is  made  regarding  the  question  whether 
relations  exist  between  different  parameters. 
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Fig.  7 

Frequency  distribution  ot  Az  during  four  flights, 
•‘■G-  values  below  2  -*GZ  during  49%  of  the  time. 
Above  7  +GZ  during  51  of  the  time. 


Summarizing  the  following  can  be  mentioned: 

-  When  the  vertical  acceleration  (Az)  increases  (in  a  curve)  the  accclerat ion  in 
forward- backward  direction  increases  too  (braking)  approximately  according  to 
A*  *  -0. 12  Az  (m/s=) . 

-  When  A2  increases,  axial  rotation  with  great  excursion  coupled  to  laterof lexion  ir.  the 
direction  of  rotation  (looking  backward  in  air  combat  simulation)  occurs  relatively 
more  often,  approximately  according  to  a  -  0.25  y .  This  finding  may  be  a  support  for 
the  biomechanical  model  introduced,  because  this  relation  approximately  corresponds 
with  the  minimal  forces  as  calculated  with  the  help  of  the  model  (the  "valley"  in 
Fig.  8). 


Forces  in  the  atlanto  occipital  joint  as  calculated  ir  relation  to 
values  of  1 a*erof lexion  (o)  and  axial  rotation  (y ) . 

The  "valley"  indicates  the  region  of  minimal  forces. 


4.  RESULTS 


In  Fig.  9  calculations  ba.^ed  on  the  observed  neutral  position  of  the  head  and  neck  while 
flying  straiqht  forward  or  in  a  moderate  curve  and  looking  forward  is  given.  Here  the 
weight  of  the  helmet  (GK  *»  10  NJ  is  added.  Comparison  with  Fig.  3  shows  a  steeper 
position  of  the  lower  cervical  spine  and  forces  in  the  same  order  of  magnitude. 


Fig.  9 

Forces  calculated  for  the  F-16  neutral  position. 
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Fig.  10 

The  cervical  spine  under  high  +Gz-load  (6  +  g2). 

Combination  of  axial  rotation  and  moderate  foiwatd  and  1 aterot lex i on . 


Furthermore  the  following  two  situations,  which  often  occur  and  can  be  considered  quite 
heavy,  are  selected.  Figure  10  illustrates  situations  in  the  interval  between  5  and 
7  +CZ  with  reasonable  great  axial  rotations  (v  -  63c)  with  moderate  lateroflexion 
(<t  =*  16°>  and  forward  flexion  (P  e  10°).  Due  to  the  high  value  of  +GZ  {0  +  GZ)  the  load  by 
head  and  helmet  weight  is.  increased  to  377  N  and  with  Ax  =  7  m/s2  the  joint  reaction 
forces  and  muscle  forces  become  considerable,  based  on  data  concerning  the  forces  that 
can  be  sustained  by  muscles  during  a  certain  period  of  time  it  can  be  concluded  from 
those  figures  that  this  posture  can  be  taken  only  10  to  30  seconds  approximately  without 
discomfort,  i.e.  by  persons  without  special  training. 
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Fig.  11 

Adjusting  the  aircraft  computer  in  forward  flexion. 
A  long  duration  makes  this  posture  uncomfortable. 


In  Fig.  11  a  less  extreme  situation  is  presented.  Filots,  however,  experience  this 
posture  being  uncomfortable  because  it  concerns  the  adjustment  of  the  aircraft  computer 
in  forward  flexion  during  a  longer  period  of  time  (up  to  lb  minutes).  The  calculaiions 

indicate  that.,  for  inot.inrp,  ttn  f o rc-?  ir.  the  left  trapezius  muscle  ( FT I'.L  ~  4  4  -  - 

Fig.  11)  can  only  be  sustained  approximately  10  minutes  without  fatigue. 

In  Table  I,  a  comparison  of  the  load  situations  described  is  made  with  respect  to  the 
neutral  position  by  dividing  the  loads  calculated  by  the  values  corresponding  with  the 
neutral  position  without  helmet  (situation  0) .  Case  3  is  added  with  a  position  similar 
to  case  2.  However,  the  forces  »re  greater  because  of  Ax  =  10  m/s2  and  Az  -  6  +G2. 
Separately  a  number  of  loading  situations  has  also  been  calculated  without  the  weight  of 
the  helmet.  In  average,  it  appeared  that  Addition  of  the  weight  of  a  helmet  increases 
the  joint  reaction  forces  with  a  factor  1.3.  This  contribution  even  increases  with  the 
addition  of  helmet  mounted  devices.  To  investigate  the  influence  of  the  latter,  a  mass 
of  0.58  kg  was  introduced  in  the  model.  Furthermore  the  effect  of  different  locations  of 
this  extra  mass  on  the  forces  in  the  neck  was  calculated. 

lr.  Fig.  12  the  results  are  summarized.  Az  is  4GZ  and  Ax  is  1  m/s2.  In  the  diagrams  for 

lateroflexion  (Fig.  12A) ,  flexion  and  extension  (Fig.  12BJ  and  axial  rotation  (Fig.  120 
index  1  indicates  the  F-16  flight  situation.  With  index  2  the  loads  increase  by  addition 
of  the  helmet  mounted  device.  The  lines  with  index  3  are  found  when  an  additional 
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Tabic  1 

Joint  reaction  forces  divided  by  those  calculated  in  the  neutral 
position  without  helmet  (0). 

1  *  neutral  position  m  F-16;  2  =  Fig.  10; 

3  *  position  comparable-  with  Fig.  10;  4  =  Fig.  il. 

count,  ci  weight  of  0.44  leg  mass  is  added  at  the  dorsal  side  of  the  helmet,  sr.  tested  by  a 
pilot.  Finally ,  index  *1  is  found  by  computer  simulation  of  a  helmet  of  only  0.8  kg  mass 
and  a  centre  of  mass  as  far  behind  axis  L  as  it  is  in  front  of  this  axis  in  Fig.  9.  From 
the  results  it  may  be  concluded  that  notwithstanding  an  increased  mass  of  0.44  kg  the 
addition  oi  this  ccurterweiyht  in  an  appropriate  place  positively  influences  the  load  on 
the  cervical  spine,  especially  in  axial  rotation.  However,  in  reality  every  addition  of 
mass  should  be  avoided  ii  possible. 
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Effect  of  helmet  and  helmet  mounted  devices  on  atlanto  occipital  joint 
reaction  force  FN  and  joint,  foice  C-,Ti  • 

1;  neutral  F-16.  2:  addition  of  helmet  mounted  device. 

3:  addition  of  counterweight.  4:  light  helmet  (0.8  kg) 
with  backward  location  of  centre  of  gravity 

5.  CONCLUSIONS 

When  drawing  conclusions  it  must  be  emphasized  that  the  model  is  a  simplification  of 
reality  and  that  reliable  anthropometric  data  hardly  exist.  Although  it  is  difficult  to 
verify  the  model  with  respect  to  demonstration  of  real  existing  forces,  wc  could  obtain 
indications  that  the  order  of  magnitude  ;g  correct.  So  the  approach  followed  leads  to 
results,  be  it  inaccurate.  The  most  reliable  conclusions  may  be  drawn  with  respect,  to  the 
comparison  of  different  situations.  So  emphas i zing  on  the  reserved  use  of  the  results  of 
this  study  it  may  be  concluded  that: 

ni  Kith  inn-onci  tin  vertical  accelerst  ion  1 A  !  the  fcr..‘,.rd-bcich'..,ird  acceleration  'A  v  al  — 
increases,  indicating  that  the  aircraft  decelerates. 

b)  With  low  values  of  +  GZ  a  neutral  position  occurs  or  slight  extension  while  with 
increasing  +  GZ,  this  turns  to  slight  flexion,  with  high  +G,  accelerations  the  pilot 
seldom  looks  upward  while  relatively  often  groat  axial  rotations  occur  when  looking 
backward  over  the  shoulders. 

c)  A  relation  is  found  between  the  la terof lexion  of  the  head  (a)  and  its  axn i  rotation 
(f)  according  to:  a  =■  0.28  v.  This  relation  measured  during  flight  corresponds  with 
minimum  values  as  calculated  for  joint  reaction  forces  m  the  biomechanical  model. 

d)  The  mass  of  the  helmet  is  bj-j  in  proportion  to  the  ma  s  of  the  head  leading  to 
forces  in  the  neck  being  1.3  up  to  1.5  greater. 

c)  The  position  in  the  scat  of  the  F-1C  seems  to  be  favourable  because  it  decreases  the 
lordosis  of  the  cervical  spine  and  as  such  the  forces  in  the  lower  neck, 
f)  The  combination  of  posture  and  high  G— load  can  ir.ul  tipiy  the  load  in  the  atlanto 

occipital  joint  14  times.  In  the  lower  cervical  area  t*i*a  multiplying  factor  can  be  21, 
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occurring  when  under  high  G-load  the  head  is  rotated  extremely, 
g)  Addition  of  an  extra  counterweight  on  the  helmet  to  balance  the  influence  of  a  helmet 
mounted  device  can  decrease  the  load  on  the  cervical  spine,  even  if  the  total  mass 
incr  is  by  doing  so.  Improvement  of  the  position  of  the  mass  centre  of  gravity  of 
he  In.  and  helmet  mounted  devices  can  lover  the  lead  on  the  spine. 
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SUMMARY 

An  Investigation  Is  described  which  addresses  the  inertial  loading  effects  of  Head 
Mounted  Devices  (HMD)  on  aviator  head-neok-spi ne  dynamic  response  during  high  +Gy  acceleration 
exposure.  The  primary  objectives  of  this  study  were  t.o  develcp  a  methodology  which  could 
be  used  to  establish  limits  on  HMD  inertial  properties  ard  to  apply  this  methodology  to  the 
evaluation  of  the  severity  of  t^e  internal  loads  --  occurring  In  the  reck  and  upper  spine 
--  associated  with  certain  specific  HMD  ensembles.  This  paper  describes  how  the  Head-Spine 
Mode1.  (HSM),  a  highly  discretized,  3-D  mathematical  representation  of  the  human  head-spine- 
torso  structure,  was  used  to;  1)  establish  a  set  of  baseline  response  criteria  (BRC)j  2) 
establish  a  preliminary  methodology  for  setting  limits  on  HMD  inertial  properties;  and  3) 
evaluate  the  severity  of  the  loading  associated  with  possible  chemical  defense  (CD)  ensembles. 

INTRODUCTION 

The  investigation  described  In  this  paper  was  part  of  a  more  encompassing  program 
which  is  being  conducted  at  the  Harry  G.  Armstrong  Aerospace  Medical  research  Laboratory 
(AAMRL)  located  at  Wri ght-Patterson  Air  Force  Base,  Ohio.  This  program  has  as  its  overall 
goals  the  development  of  design  guidelines  for  limiting  the  inertial  properties  of  HMD  for 
various  dynamic  environments  and  the  establishment  and  implementation  of  methodologies  that 
will  provlae  accurate  measurements  of  the  Inertial  properties  and  evaluations  of  the  inertial 
loading  severities  associated  with  existing  or  planned  HMD.  Motivation  for  this  program 
stem?  from  the  increasing  emphasis  on  the  use  of  the  aviator’s  head  and/or  helmet  as  platforms 
for  protective  and/or  performance  enhancement  equipment  such  as  chemical  defense  gear  or 
night  vision  enhancement  systems. 

While  such  equipment  indeed  increases  crewmember  protection  and  enhances  performance , 
organi zat ion3  within  the  United  States  Air  Force,  Navv  and  Army  are  nonetheless  concerned 
about  the  potentially  adverse  effects  associated  with  HMD  (l).  These  adverse  effects  arise 
from  the  c.g.  (center  of  gravity!  shifts,  usually  anteriorly,  and  increased  loading,  on  the 
neck  and  upper  spine,  produced  by  HMD.  They  include  excessive  helmet  motion  relative  to 
the  head,  neck  muscle  fatigue  and,  in  high  G  environments,  a  potentially  significant  increase 
in  the  likelihood  of  severe  injury  to  the  neck  and  upper  spine.  Designers  r»f  HMD  are 
endeavoring  to  minimi;.?  these  systems’  weights  and  c.g.  distances  from  the  head  c.g.  (see 
e.g,,  (2)).  They  arc  having  to  do  so,  however,  without  the  aid  of  well  established 
quantitative  guidelines  based  on,  e.g.,  neck  ar.d  upper  spine  load  limitations. 

AAMRL’s  Program,  which  seeks  to  establish  such  quantitative  guidelines,  has  involved 
both  analytical  and  experimental  aspects.  The  experimental  work  has  considered  the 
measurement  of  the  inertial  properties  —  mass,  inertia  tensor  and  c.g.  location  --  of 
specific  HMD,  using  an  automated  "mass  properties  measurement  system”,  and  the  conducting  of 
a  series  of  4GZ  Impact  tests  on  AAMRL’S  six  inch  "HYGE"  vertical  impact  facility.  The 
Impact  tests  focussed  on  a  Hybrid  III  manikin  head-neck  structure  plus  live  specific  helmet 
plus  mask  combinations,  four  of  which  represent  possible  CD  configurations.  The  analytical 
investigation,  which  is  emphasized  in  this  paper,  used  the  Head-Spine  Model  (HSM),  a  highly 
discretized,  3-D  mathematical  representation  of  the  human  head-spine-torso  structure,  to. 
1)  establish  a  3et  of  baseline  response  criteria  (BRC);  2)  establish  preliminary  guidelines 
for  limiting  HMD  inertial  properties;  and  3)  evaluate  the  severity  of  the  Inertia!  loading 
associated  with  the  five  helmet  plus  mask  configurations. 

The  experimental  portions  of  flAMRf_’s  program,  along  wit5  tjic  analytical  investigation, 
are  discussed  in  detail  in  AAMRL-TR-88-044  (3).  Some  aspects  of  this  program  have  also 
been  described  in  references  (4)  and  (5). 

MODEL  DESCRIPTION 

The  HSM  is  a  three-d imensi ona I  mathematical  model  describing  the  mechanical  behavior, 
In  terms  of  system  kinematics  and  internal  loads,  of  the  human  head -spine-torso  structure. 
Its  fully  three-dimensional  formulation  is  Just  one  of  the  features  which  significantly 
distinguishes  it  from  earlier  Such  models.  The  HSM  consists  of  two  distinct  components: 
a  general  purpose  computer  program  for  the  dynamic  analysis  of  three-dimensional  structures; 
and  a  data  base  containing  inertial,  material,  geometric  ami  connectivity  data  describing 
the  head-spi ne-torso  structure  as  well  as  other  information  descriptive  cf  the  specific 
problem  and  output  to  be  generated.  The  HSM  has  been  described  previously  by  Belytschko,  et 


at  .  (6),  Belytschko  and  Frlvitzer  (7),  Privitzor  and  Belytsehko  (81,  and  PriviUer  (9), 
thus,  only  a  very  brief  description  will  bo  given  here. 

Figure  1  depicts  mid-sagittal  (X-Z)  and  frontal  (Y-Z)  plane  views  and  also  an  oblique 
view  of  the  initial  HSM  geometry.  These  computer  graphics  generated  pints  show  only  those 
components  of  the  model  whose  tocai  geometries  are  treated  as  constant:  the  head,  pelvis, 
the  vertebrae  of  the  cervical  and  thoracolumbar  (TL)  spines  and  the  elements  of  the  rib 
cage.  None  of  the  deformable  elements  representing  connective  tissues  arc  shown.  This  is 
actually  the  most  complex  (in  terms  of  the  number  or  degrees  of  freedom 1  version  of  the  HSM 
and,  in  the  Interest  of  computational  efficiency,  is  rarelv  used  for  studies  involving  large 
numbers  of  simulations. 

The  version  of  the  11SM  used  for  the  study  reported  herein,  models  the  nock  with  two 
parallel  1-P  beam  elements.  One  of  these  beam  elements  has  nonlinear  vlsooelastic  ay.ial 
load-dc  0rm.1t ion  behavior  and  linear  viscoelastic  bending  behavior  and  in  used  to  represent 
the  cervical  spine.  The  other  neck  beam  element  has  onlv  nonlinear  tending  behavior,  i.e., 
it  provides  no  resistance  to  purely  axial  deformations,  and  is  U3ed  to  account  for  the 
nonlinear  stiffening  effects  of  the  soft  tissue  under  large  n^ck  bending  deformations.  This 
element  is  also  used  to  account  for  chin-chest  contact  under  largo  neck  bending  deformations. 
The  secondary  loading  path  and  nonlinear  stiffening  effects  of  the  viscera-ahdonil  nal  wall- 
dlaphragm-rlb  cage  system  are  accounted  for  with  a  column  of  nonlinear  bending  elements 
which  roughly  parallels  the  spinal  column.  These  elements  interconnect  the  e.g.’s  of  the 
torso  segments  and  develop  significant  bending  resistance  only  In  the  case  of  large  relative 
rotations  between  adjacent  segments. 

The  HSM's  geometry  is  defined  by  the  Rlohal  coordinates  of  points  identified  as  primary 
and  secondary  nodes  end  hv  triads  of  unit  vectors  giving  the  orientations  of  the  rigid 
bodies.  The  primary  noaes  correspond  to  the  e.g.s  of  rigid  bodies  and  alpo  jprvc  as  the 
origins  of  the  local  coordinates  attached  to  the  rigid  bodies  and  coinciding  with  their 
principal  axes  of  inertia.  Inertial  properties  are  specified  ir.  terms  of  each  body's  mass 
and  principal  mass  moments  of  inertia.  The  secondary  nodes  define  some  local  geometric 
features,  such  as  vertebral  geometries,  and  serve  primarily  as  attachment  points  for  the 
deformable  elements  representing  the  various  connective-  tissues.  The  deformable  elements 
of  the  HSM  version  employed  in  this  study  inel  ide  bran  elements  used,  e.g.,  to  model  thn 
intervertebral  discs  and  spring  elemer*  3  used,  e.g.  to  model  the  spinal  1  i  gainer,  ts .  Deformable 
element  equlillbrium  equations  are  given  bv: 
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All  quantities  in  equations  C 1 1  through  (U)  are  defined  with  respect  to  local  element 
coordinate  sysfsmc  which  »rp  referred  to  as  ri gid-conveoted  systems  since  they  are  attached 
to  the  elements  and  move  with  them  through  space.  I  mid  J  refer  to  the  endpoints  or  nodes  of 
an  element.  In  equation  (l)j 

x  is  directed  along  the  length  of  the  element  fiom  node  1  to  J, 
k*  =  axial  stiffness  (can  be  nonlinear), 

6  *  deformat  ion, 

fi  =  deformation  rate, 

ua  =  fraction  critical  damping, 

p0  =  global  axial  circular  frequency  to  be  damped. 


In  equation  (2)| 


shear  modulus, 

polar  moment  of  inertia  or  the  cross-sectional  area, 
element  length, 

Ox,  —  6XI  -  torsional  deformation. 


In  equation  ( 3) • 


refers  to  either  the  y  or  ?.  axes, 

=  bending  stiffness  (can  be  nonlinear), 

=  bending  deformations, 

s  bending  deformation  rates, 

s  fraction  critical  damping, 

=  global  bending  circular  frequency  to  bn  damped, 
s  sheaf  deformation  parameter, 


modulus  of  elasticity, 

second  moment  of  the  cross-sectional  area  about  q, 
area  effective  in  shear. 


Material  nonlinearities  are  incorporated  by  defining  kx  and  kq  to  be  nonlinear  functions 
of  deformations. 

In  addition  to  the  deformable  elements  representing  the  internal  connective  tissues, 
a  system  of  spring  elements  Is  used  to  model  a  restraint  system  and  viscoelastic  surfaces 
are  used  to  represent  interaction  surfaces  such  as  an  ejection  seatback.  The  experimental 
and  analytical  bases  for  the  selection  of  the  HSM  geometry  and  inertial  and  material 
properties  are  described  in  detail  in  references  (6),  (7),  and  (10)  through  (P), 

The  HSM  computer  program  uses  an  explicit  scheme  for  the  numerical  time  integration 
of  the  nonlinear  equations  of  motion  for  model  kinematics.  the  approach  used  requires  no 
matrix  Inversions,  All  element  quantities  gre  computed  at  the  element  level,  i.e.,  with 
respect  to  the  rigid-convected  coordinates,  xk .  After  the  element  by  element  computations 
have  determined  the  element  nodal  loads,  they  are  transformed  and  assembled  into  a  global 
internal  force  array,  F*n*  (defined  in  the  global  coordinates,  xk)  and  into  internal  moment 
arays,  P.jlnt  (the  components  of  which  ara  defined  with  respect,  to  the  various  bodv  systems, 
5k>,  corresponding  to  each  primary  node  (rigid  body),  T.  The  components  or  Flnt  are  then  used 
in  the  commit at i ons  for  translational  kinematics  via  Newton’s  Second  Law  while  the  components 
of  the  Mpht  are  used  in  the  compulations  for  rotational  kinematics  via  Euler’s  Equations 
of  Motion  f o’’  each  rigid  body .  The  procedure  is  described  in  detail  by  Bel  ytschko,  et.  al  .  ,  .  (  1  U ) 


Spinal  Injury  Function  and  Neck  Injury  Parameter 


The  HSM  has  a  spinal  Injury  prediction  capability,  referred  to  as  the  Spinal  Injury 
Function  (SIF),  which  addresses  the  predominant  ejection  acceleration  as  well  33  general 
vertical  Impact  acceleration  Induced  spinal  injury  mode;  vertebral  body  compressive  failure 
resulting  from  combined  axial  compression  and  bending  loads.  Ii  is  given  by: 
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computed  instantaneous  equilibrium  values  of  the  compressive  load  and  the  local  lateral  anu 
AP  bending  momenta,  respectively;  and  F*,  Mx*  and  My*  are  the  correspond! ng  failure  levels. 
The  P*  are  based  on  rate  dependent  axial  compression  load-def ormat i on  data  (to  failure) 
(15)  and  (16).  The  corresponding  data  for  the  Mx*  and  My*  were  found  to  be  insufficient. 
These  were  thus  derived  from  the  P*  through  the  use  of  relationships  based  on  assumptions 
on  vertebral  body  geometry  and  material  distribution  (3).  The  SIF,  as  given  by  equation 
*5),  represents  the  ratio  of  extreme  fiber  compressive  stress  to  a  failure  or  limiting 
value.  Thus,  assuming  that  the  compressive  limiting  stresses  are  normally  distributed,  a 
value  of  SIF  =  1  at  any  vertebral  level  V  of  the  TL  spine  is  taken  to  correspond  to  a  50% 
likelihood  of  vertebral  body  compressive  failure  due  to  combined  axial  compression  and 
bending  at  that  level. 
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A  Neck  Injury  Parameter  (NIP)  was  developed,  as  part  of  this  investigation,  to  provide 
an  injury  prediction  feature  for  the  neck  similar  to  the  SIF  for  the  TL  spine.  The  NIP  is 
given  by i 

'n  -  (|^|  (6) 

where 

M*"’’  -  Mi!*  M,|  My“°  .  M,1,  Myl  . 

2  2 

Mx  and  M„  refer  to  local  lateral  and  A-P  bending  momenta  respectively,  and  the  supercripts  i 
and  j  refer  to  nodes  i  and  J  of  the  neck  beam  element  and  correspond  to  the  C7-T1  and  Head- 
Cl  Junctures,  respectively.  As  is  the  case  for  the  SIF,  the  P,  Mxavg  and  MyavS  in  equation 
(6)  refer  to  simulation  computed  instantaneous  equilibrium  values  or  the  compressive  load 
and  the  local  lateral  and  A-P  bending  moments  while  the  P*  and  M*  are  the  corresponding 
failure  levels.  Because  of  the  approximately  elliptical  oross-sectlon >1  geometry  of  the 
vertebral  bodies,  the  lateral  and  A-P  limit  bending  moments  for  the  SIF  are  not  equal  —  the 
lateral,  limit  bending  moments  are  generally  larger  than  the  A-P  limit  bending  moments  since 
the  lateral  vertebral  body  diameter  is  typically  larger  than  the  A-P  diameter.  For  the 
NIP,  however,  it  was  assumed  that  the  lateral  and  A-P  limit  bending  moments  are  equal.  Figure 
2  shows  the  limit  loads  for  the  SIF  and  fN-  plotted  versus  vertebral  level  (L5  through  T1)  for 
the  SIF  and  a  single  point  (corresponding  roughly  to  the  middle  of  the  cervical  spine)  for 
the  neck.  Note  that  the  limit  loads  for  the  neck  were  extrapolated  from  those  for  the  TL,  spine. 

Validation  of  the  HSM  has  been  pursued  at-  AAMRL  for  a  number  of  years  (17).  It  has 
involved  comparisons  of  model  predictions  with  data  obtained  from  experimental  programs  and 
also  spinal  compressive  injury  statistics  compiled  from  operational  ejection  data.  HSM 
dynamic  response  predictions  have  been  found  to  compare  well  with  data  obtained  from 
experiments  with  human  volunteers  ((7),  (8),  and  (18)).  Comparisons  of  HSM-SIF  predictions 
with  operational  ejection  injury  statistics  appear  to  be  reasonable  with  respect  to  both 
predicted  injurious  acceleration  profiles  and  spinal  injury  locations.  Note  again  that  the 
vertebral  body  axial  compression  failure  levels  used  by  the  SIF,  i.e.,  the  P*  in  Equation 
(5)  are  based  directly  on  data  obtained  from  rate  dependent  axial  compression  load-deformation 
experiments  with  human  vertebral  bodies. 


Our  approach  to  the  analytical  study  began  with  the  use  of  the  HSM  to  establish  a  set 
of  limiting  or  baseline  response  criteria  (BRC).  These  were  HSM  neck  and  srlnal  response 
predictions  from  a  simulation  with  a  moderate  risk  ♦  Gz  half-sine  acceleration  exposure. 
Following  this,  HSM  ejection  simulations  were  run  for  different  configurations  of  generic 
encumbering  devices  (point  masses).  Guidelines  for  setting  limits  on  encumbrance  mass  and 
location  were  then  established  bv  comparing  HSM  neck  and  spinal  response  predictions  from 
these  simulations  to  the  BRC.  Finally,  a  series  of  HSM  ejection  simulations  was  run  for 
the  specific  helmet  and  mask  combinations  considered  in  the  experimental  part  of  the  program. 
The  performances  of  these  ensembles  were  evaluated  against  the  HSM  established  guidelines. 

Baseline  Response  Criteria 

The  response  parameters  of  primary  concern  In  this  study  were  the  NIP  for  the  neck  and 
the  Sir  for  TL  spine.  Thus,  in  order  t.o  quantify  the  inertial  loading  effects  of  HMD, 
we  required  a  set  of  limiting  or  baseline  response  criteria  (BRC)  for  these  parameters. 
Ideally,  such  criteria  should  be  based  directly  on  appropriate  experimentally  measured  data. 
For  the  lower  TL  spine,  some  such  data  do  Indeed  exist,  e.g.,  those  on  which  the  P*  In 
equation  (5)  are  based.  As  already  mentioned,  however,  oimJlar  such  data  for  the  TL  spine 
limit  bending  moments,  Mx*  and  My*  were  insufficient.  This  was  also  true  for  any  such  data 
for  the  cervical  spine.  Note  that  what  we  desired  for  the  cervical  spine  were  limiting 
compression  loads  and  bending  moments  at  specific  locations,  such  as  specific  cervical 
vertebrae,  not  limiting  loads  deduced  from  experiments  with  human  volunteers  or  cadavers. 

Because  of  this  lack  of  appropriate  experimental  data,  Jt  was  decided  to  base  the  BRC 
on  the  HSM *s  response  to  a  moderately  severe  whole  body  +  acceleration  exposure.  The 
specific  profile  is  a  17G  peak,  300  ns  duration  half-sine  prescribed  to  act  at  the  HSM 
pelvis  c.g.  end  the  seatback.  This  moderate  risk  exposure  is  based  on  the  whole  body 
acceleration  tolerance  criteria  established  by  AAMRL  for  the  Aerospace  Medical  Division's 
CREST  (Crew  Escape  Systems  Technologies)  Program  (19)*  The  tern  moderate  risk  Implies  a 
5%  probability  of  spinal  injury.  Figure  3  shows  the  NIP  and  SIF  as  well  as  the  ratios  P/P* 
and  M/M*  from  the  HSM  baseline  simulation,  i.e.  the  HSM  predicted  response  (in  terms  of 
spinal  Jcado)  to  the  moderate  risk  +GZ  nair-sine  exposure.  Note  that  only  one  bending 
moment  ratio  is  plotted  for  the  TL  spine  since  the  response  for  this  simulation  was  symmetric 
about  the  mid-sagittal  (X-Z)  plane.  Thus  the  M/M*  for  the  TL  spine  r~fer  to  A-P  bending.  The 
and  SIF  given  in  Figure  3  are  the  BRC. 

Ejection  Simulations  with  Generic  Encumbrances 

Following  the  establishment  of  the  BRC,  an  extensive  matrix  of  ejection  simulations 
was  run  in  which  generic  encumbrances,  i.e.,  point  masses  of  1,  2  and  3  kg,  were  located  at 
8  different  points  on  the  surface  of  the  helmet  (see  Table  1).  The  simulations  plus  the 
nomenclature  used  to  identify  them  are  listed  in  Table  2.  Note  that  while  Tables  1  and  2 
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include  both  symmetric  and  asymmetric  configurations,  only  the  symmetric  cases  are  discussed 
In  this  paper.  All  of  the  simulations,  including  the  17G,  300  ms  half-sine  exposure  included 
the  efTects  of  a  generic  helmet  having  a  mass  of  i  kg,  principal  mass  moments  of  inertia  of  100 
kg-cm  and  with  Its  c.g.  assumed  to  be  coincident  with  that  of  the  head.  The  helmet  was 
also  assumed  to  mcve  with  the  head  thus  Its  Inertial  properties  were  added  dircctlv  to  those 
of  the  head.  Similarly,  the  point  masses  were  also  assumed  to  move  with  the  head/helmet, 
thus  the  inertial  properties  of  a  head/helmet/point  inaai*  system  were  calculated  with  respect 
to  the  shifted  c.g.  of  the  entire  system. 


Table  1 

COORDINATES  OF  POINT  MASS  LOCATIONS  IN 
HEAD/HELMET  LOCAL  SYSTEM 


Table  2 

NOMENCLATURE  FOR  EJECTION  SIMULATIONS 
WITH  GENERIC  ENCUMBRANCES 
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The  ejection  acceleration  exposure  chosen  for  these  simulations  was  a  nominal  ACES 
II  catapult  plus  rocket  acceleration  profile  with  a  12  G  peak  and  a  time  to  peak  of  UK)  ms 
(20).  The  17  G,  300  ms  half-sine  and  the  ACES  II  acceleration  profiles  are  plotted  in  Figure 
4.  The  HSM  head-neck  ranges  of  motion  are  similar  fer  both  exposures.  In  fact,  the  primary 
criteria  for  the  selection  of  the  baseline  exposure  were  1)  that  it  be  moderate  risk,  2)  that 
it  be  representative  or  experimentally  attainable  exposures  and  3)  that  it  produce  a  head- 
neck  range  of  motion  similar  to  that  associated  with  the  nominal  ACES  II  profile. 

Figure  5  compares  the  HSM  predicted  head  -  neck  -  TL  spine  kinematic  responses  Trom 
sim-'.l ati ons  BGH,  AGH  and  AS3  (see  Table  2  for  simulation  nomenclature).  Shown  are  mid- 
sagittal  (X-Z)  plane  configurations  at  150,  200  and  250  ms.  These  configurations  are 
representative  of  the  range  of  kinematic  responses  associated  with  all  of  the  symmetric 
simulations.  Onlv  those  components  of  the  model  whose  local  geometries  remain  constant  are 
plotted  by  tno  HSM's  plotting  software.  Thus,  in  thi3  case,  the  head  or  the 
head/helmet/encumbrance  svstem,  the  pslvis  and  the  vertebrae  of  the  TL  spine  are  plotted 
while  the  deformable  elements  of  the  TL  spine  and  the  neck  beams  are  not.  A  reasonable 
estimate  of  the  deformed  geometry  of  the  beam  element  representing  the  cervical  spine  can, 
however,  tc  obtained  from  the  kinematics  of  th<=*  h^ad  (or  head/helra^t/rnrumbrance  system)  and 
T1  —  hence  the  dashed  curve  approximating  the  deformed  geometry  of  this  element  In  the  200 
ms  configurations.  Kinematically  speaking  (and  also  qualitatively),  it  is  quite  apparent 
that  the  AGH  response  is  less  severe  than  the  BGH  response,  while  the  AS3  response  is  more 
severe.  Figure  6  compares  head  mid-sagittal  plane  rotations  from  simulations  BGH,  AGH  and 
AS3  while  Figure  7  compares  Ti  rotation  time  histories.  The  BGH  and  AGH  responses  are  quite 
similar'  except  for  the  higher  magnitude  or  the  BGH  head  and  Ti  rotations  resulting  from  the 
higher  peak  acceleration  of  the  17G,  300  ms  half-sine  exposure. 

Ejection  Simulations  with  Specific  HMD 

Following  the  completion  of  the  HSM  ejection  simulations  with  the  generic  HMD, 
additional  ejection  simulations  were  run  which  incorporated  five  specific  helmet  plus  mask 
combinations  used  in  the  experimental  portion  of  this  program.  Two  helmets  were  considered; 
a  "pilot’s"  helmet  (HGU-55/P)  and  a  "fiver’s"  helmet  (HGU-3<)/P) .  Three  masks  were  considered: 
a  pllot/crewmember  oxygen  mask  (MBU-12/P)  and  two  ehemi cal -bi olog i eal-oxygen  (CB0)  masks 
(MBU-13/p  ar.d  AR-5) .  The  inertial  properties  of  the  helmet  plus  mask  configurations  were 
obtained  in  the  experimental  portion  of  the  program. 

Table  3  lists  the  five  specific  helmet  plus  mask  combinations  and  the  inertial 
properties  of  the  complete  helmet  *■  mask  *  head  avstems.  Tnese  data  are  also  Included  for 
the  generic  encumbrance  configurations  for  slmul  tions  AGH,  CGI,  CG2  and  CG3  for  comparison 
purposes.  Since  the  simulations  were  symmetric  with  respect  to  the  mid-sagittal  (X-Z)  plane 
—  as  were  the  Inertial  properties  (at  least  nearly  so)  of  the  specific  HMD  —  the  relevant 
inertial  properties  are  mass,  principal  mass  moment  of  Inertia  about  the  lateral  axis  through 
the  system  c.g.  (Iv),  and  the  X  and  Z  locations  of  the  system  c.g.  with  respect  to  the 
unencumbered  head  c.g.  The  HSM  unencumbered  head  has  a  mass  of  U.38  kg  and  an  Ty  of  233*0  kg- 
cm'5  compared  to  *4 . *>L  kg  and  2^0.0  kg-omr,  respectively,  for  the  Hybrid  III  head.  The 
parameters  and  RgfTl)  will  be  described  in  the  next  section. 


Table  3 

SPECIFIC  HMD  CONFIGURATIONS,  INERTIAL  PROPERTIES,  AND 
Rn(NIP  RATIOS)  AND  Rs  (T1)  (SIF(T1)  RATIOS)  FROM  SIMULATIONS  WITH  SPECIFIC  HMD 
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RESULTS 

The  Inertial  loading  effects  of  first  the  generic  encumbering  de/lces  and  then  the 
specific  HMD  were  evaluated  bv  comparing  the  HSM  NIP  and  SIF  predictions,  from  the  ejection 
simulations  with  those  devices,  to  the  BRC,  i.e.,  the  NIP  and  SIF  predictions  from  the 
simulation  with  the  17G,  300  ms  half-sine  exposure  (simulation  BGH  -  Baseline  with  Generic 
Helmet).  These  comparisons  were  accomplished  by  dividing  the  NIP  and  SIT  from  the  ejection 
simulations  by  the  corresponding  BRC  values  and  then  plotting  these  ratios  versus  spinal 
level.  Thu?  when  any  of  these  ratios  exceed  1.0,  the  corresponding  0RC  or  limiting  value 
is  exceeded. 

Results  from  Ejection  Simulations  with  Generic  HMD 

Figures  8  and  9  show  the  effects  of  varying  n  point  mass  from  0  to  3  kg  at  locations  ?  and 
3,  the  head/generic  helmet  anterior  and  anterior  -  superior  points,  respectively.  Figure 
10  r,hows  the  NIP  and  5IF  ratios  as  functions  of  the  location  of  a  2  kg  point,  mass  -  actually  uase 
5  corresponds  to  a  1  kg  point  mass  located  at  both  sites  3  and  5.  Results  are  plotted  for  the 
nock  and  vertebral  levels  T1  through  T6.  ‘Che  lower  levels  (T7  through  L5)  are  r.ot  Included 
because  the  inertial  loading  effects  of  the  point  masses  were  found  to  decrease  with 
increasingly  lower  vertebral  level.  It  was  also  found  that,  for  all  cases  of  interest,  the 
largest  ratios  Involved  the  NIP  and  SIF(TI)  (Sl’F  at  Tl),  This  observation  indicates  that 
we  actually  do  not  need  to  consider  18  BRC  (the  17  SIF  plus  the  NIP).  Rather,  we  can  focus  on 
two  parameters  in  particular  the  SIF  ratio  at  Tl,  which  Tor  convenience  will  be  referred  to 
as  and  the  NIP  ratio,  which  will  be  referred  to  as  RN,  i.e., 
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These  two  parameters  are  plotted  in  Figure  11  for  all  of  the  ejection  simulations  with 
the  symmetrically  located  (with  respect  "to  the  X-Z  plane)  point  masses.  The  point  mass 
locations  are  arranged  in  order  of  increasing  distance  forward  from  the  head  c.g.  or,  for 
locations  3  plus  5  and  4,  in  the  order  of  increasing  radial  distance-  One  conclusion  which 
can  immediately  be  drawn  from  this  Figure  is  that  the  inertial  loading  effects  of  HMD  become 
increasingly  more  severe  with  increasing  distance  or  the  HMD  c.g.  forward  from  the  head  o.g. 

The  results  plotted  in  Figure  11  appear  to  be  Ideally  suited  for  interpretation  in  a 
pass/fail  sense.  Thus  if  the  pass  criteria  are  taken  to  be  both  Rfl  and  Rs(Tl)  1.0,  the 
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eases  which  pass  are  AOH  (Keneric  helmet  only),  CGI  and  2,  ARPS1  and  SI.  None  of  the  cases 
considered  at  locations  2  and  3,  which  are  common  attachment  sites  for  HMD  such  as  CFO 
masks,  night  vision  Imaging  systems  and  visors,  pass.  Note  that  p11  of  the  simulations 
included  the  effects  of  a  1  kg  generic  helmet  with  Ty  =  100  kR-cm?.  Thus,  according  to  Figure 
11,  the  upper  bound  on  the  mass  of  a  head  mounted  ensemble  (l.e.,  helmet  ♦  mask  +  additional 
HMD)  is  3  kg,  Drovided  the  c.g.  of  the  ensemble  is  coincident  with  that  of  the  head  and  ly  of 
the  ensemble  does  not  exceed,  100  kg-crn'*.  Tt  is  unlikolv  that  Jy  of  a  3  kg  mass  HMD  ensemhle 
would  be  loss  than  100  kg-enc  —  a  relatively  light  helmet  plus  mask  combination,  such  as  the 
HGU-55/P  plus  the  MBU-12/P,  which  weighs  approximately  1.4  kg,  has  an  ly  in  excess  of  100 
kg-ccr.  Thus  the  maximum  allowable  mass  for  an  HMD  ensemble  with  c.g.  coincident,  with  the 
head  c.g.  appears  to  be  less  than  3  kg  and  the  maximum  allowable  HMD  mass  above  the  1  kg 
generic  helmet  appears  to  be  less  thBn  P.  kg. 

The  HMD  mass  limit  decreases  with  increasing  distance  from  the  head  c.g.  (particularly 
anteriorly).  For  an  HMD  with  c.g.  at  location  3  and  with  a  "counterweight"  at  location  5, 
the  mass  limit  as  indicated  in  Figure  11  is  approximately  1.1  -  0.5^  =  0.5j  kg.  The 
"counterweight."  mass  is  subtracted  off  since  it  is  merely  a  dead  weight  added  to  the  ensemble 
to  reduce  the  potential  for  neck  muscle  fatigue.  It  has  nothing  to  do  with  the  actual 
operation  of  tno  HMD.  For  location  4,  the  HMD  mass  limit  appears  to  be  approximately  1  kgj 
and  for  locations  3  and  2,  approximately  0.6  kg. 

When  one  considers  that  a  typical  helmet  plus  mask  ensemble  —  worn  In  the  high  speed, 
fixed-wing  aircraft  operational  environment  which,  in  an  emergency,  can  require  crewmember 
ejection  —  can  weigh  approxl lately  2  kg,  t.he  HMD  mass  limits  Indicated  in  Figure  11  appear  to 
be  somewhat  conservative.  A  likely  source  for  this  conservatism  comes  from  the  following. 
The  half-sine  acceleration  profile  used  to  establish  the  BRC  was  identified  as  a  moderate 
risk  exposure.  It  should  be  emphasized,  however,  that  it  is  a  moderate  risk  exposure  for 
the  lower  thoracic  and  lumbar  spines.  Based  on  AANRL  compilations  of  ejection  acceleration 
induced  spinal  Injury  statistics,  the  likelihood  of  cervical  spine  vertebral  body  compressive 
fractures  during  ejection  acceleration  exposure  appears  to  be  significantly  lower  than  the 
likelihood  of  vertebral  body  compressive  fractures  in  the  lower  thorat.ic  and  lumber  spines. 
Thus,  while  the  BRC  for  the  lower  thoracic  and  lumbar  spines  may  indeed  represent  moderate 
risk  criteria,  the  BRC  used  in  generating  Figure  11,  i.e.,  the  BRC  f^  and  SIK(TI)  could 
very  well  represent  low  risk  criteria.  Since  our  goal  was  to  establish  guidelines  based 
on  moderate  risk  criteria,  the  results  given  in  Figure  11  are  probably  conservative. 

Analytical  Evaluation  of  Specific  HMD 

The  inertial  loading  effects  of  five  helmet  plus  mask  combi nat 1 ons  were  evaluated  by 
comparing  the  FN  and  Fs(Ti)  computed  for  the  ejection  simulations  with  those  ensembles  to 
the  preliminary  guidelines  contained  in  Figure  11,  The  first  combination,  HGH-G5/P  +  MBd- 
12/P,  represents  a  standard  pilot's  configuration.  The  remaining  four  combinations;  HGU- 
55/P  4-  MDU-1 3/P »  HGU-55/P  +  AR-5 ,  RGU-39/P  +  MBU-13/P,  and  HGU-3Q/P  ■*  AR-b ,  represent  four 
possible  CD  configurations. 

The  R^j  and  Rg(Tl)  for  the  ejection  simulations  with  the  specific  HMD  a^e  listed  in  Tabic 
3  along  with  the  same  parameters  for  simulations  AGH,  CGI,  CG2  and  CG3*  All  the  PN  and  ps(n) 
for  the  specific  HMD  configurations  are  less  than  1.0.  Thus  all  of  these  configurations 
pass  the  criteria  that  both  RN  and  Fg(T1)  be  sl.O.  While  the  RN  and  RS(T1)  appear  to  vary 
nearly  linearly  with  mass  for  the  generic  HMD,  their  variations  with  mass  and  Iy  of  the 
specific  HMD  configurations  are  considerably  less  linear.  This  occurs  because,  while  the 
r«g.  for  the  generic  HMD  at  location  1  (the  head  c.g.)  is  constant,  the  e.g.s  for  the 
specific  HMD  yary  as  indicated  in  Table  3.  It  is  auite  evident  from  riKu«e  11,  that  HMD 
c.g.  location  can  be  as  significant  with  regards  to  HMD  inertial  loading  effects  as  mass 
or  moment  of  inertia. 

CONCLUSIONS 

The  following  are  the  main  findings  of  the  analytical  investigation. 

1.  The  inertial  loading  effects  of  HMD  are  ooservable  in  the  internal  loads  developed 
in  the  neck  and  throughout  the  TL  spine  with  the  severity  of  these  effects  Increasing  with 
increasing  (towards  the  head)  spinal  level. 

2.  Two  parameters  particularly  userul  in  evaluating  the  inertial  loading  effects  of 
HMD  are  R^,  the  ratio  of  the  computed  neok  injury  parameter  (NIP)  to  the  baseline  response 
criteria  (BRC)  NIP;  and  Fj^TI),  the  ratio  of  the  computed  SIF(TI)  to  the  BPC  51F(Ti). 

3.  The  results  contained  in  Figure  11  represent  preliminary  guidelines  for  limiting 
HMD  mass  and  location  with  respect  to  the  head  c.g.  for  the  purpose  of  minimizin'?  the 
inertial  loading  effects  of  such  devices  during  ejection  nccel all  Oft  exposures.  The  HMD 
pass  criteria  contained  in  these  guidelines  are  RN  and  RS(T1}<  1.0.  These  criteria  appear  to 
be  conservative  when  viewed  as  moderate  risk  (b%  probability  of  injury)  criteria. 

4.  The  inertial  loading  effects  of  HMD  become  increasingly  more  severe  as  they  are 
located  increasingly  further,  particularly  anteriorly,  from  the  head  c.g. 

5.  All  of  the  specific  HMD  ensembles  --  helmet  +  mask  combinations  --  considered 
satisfy  the  pass  criteria,  R^  and  Ps(T1)<l,0. 

6.  For  the  four  CD  configurations:  the  two  involving  the  HGU-55/P  helmet  are  less 
severe  in  terms  of  their  inertial  loading  effects  than  the  two  involving  the  HGU  39/P. 
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The  flexible  rubber  shroud  of  the  AF-6  posed  significant  difficulties  during  the 
Inertial  properties  measurements .  The  shroud  had  to  be  rolled/folded  together  and  jumped 
at  the  base  of  the  helmet  so  that  the  measurement  procedure  could  bo  executed.  As  the  shroud 
is  actually  at  least  partially  draped  over  the  air  person's  shoulders,  the  coupling  of  the 
entire  shroud  to  the  base  of  the  helmet  most  likely  compromised  our  measurements.  Since 
these  data  were  used  directlv  for  the  HSM  simulations,  we  f'eol  that  it  is  not  appropriate  to 
use  the  results  listed  In  Table  1  to  quantitatively  compare  the  InertlaL  loading  affects  of 
the  Afi-5  and  MBU-13/F  CBO  masks. 

The  analytical  investigation  described  in  this  paper  and  the  related  experimental 
work  discussed  in  (3)  and  (6),  have  demonstrated  analytical  and  experimental  methodologies 
required  to  1)  establish  general  HMD  design  guidelines,  and  ?)  define  the  inertial  properties 
and  evaluate  the  inertial  loading  effects  of  specific  exLstlng  and  planned  HMD  ensembles. 
This  effort  also  produced  some  HMD  design  guidelines  for  ejection  acceleration  exposures. 
Based  on  the  results  obtained  and  the  experience  gained  from  thi3  program,  we  have  defined 
further  analytical  and  experimental  investigations  designed  to  produce  1)  general  HMD  design 
guidelines  for  various  acceleration  environments  in  the  form  of,  e.g.,  spatial  envelopes  of 
HMD  ma3S  limits  versus  the  coordinates  of  HMD  e.g.s,  and  7)  accurate  measurements  of  the 
inertial  properties  and  evaluations  of  the  inertial  load'ng  severities  associated  with 
specific  existing  or  planned  HMD  ensembles. 
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TIONS  AGH,  A1,  A2  AND  A3:  0,  1,  2  AND  TiONS  AGH,  AS1,  AS2  AND  AS3:  0.  1,  2 
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MODIFICATION  Dt \A  DYNAMIQUE  DE  LA  TETE,  CHARGEE  PAR  DES  MASSES  ADDITIO N N fcLLfcS 
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Laboratoirc  d'Anthrupolugie  Appliqucc 
45,  Rue  ties  Saints- Peres 
75270  Paris  Ccdcx  06 
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RE5UME 

De  nombreux  dispositifs  iroposent  a  leurs  utiiisateurs  le  port  de  masses  rapportees  sur  la  t£te.  Leur 
implantation  obeit  essenticllement  k  des  imperatifs  techniques.  II  est  rare  que  les  repercussions  possibles  sur  Ic 
maintien  et  le  mouvement  de  la  t£te  soient  envisagecs  au  moment  de  leur  conception. 

Nous  avons  etudie  cette  question  pour  un  systeme  effectivement  utilise.  Dans  un  premier  temps  nous  avons 
determine  la  position  du  centre  d’inertie  et  les  moments  d'inertie  principaux  du  systeme  consider©  par  une 
methode  expei  imentale  de  pendulation.  Nous  avons  ensuite  precise  les  mcdiiications  des  paramett  es  inertiels  de 
Pensernble  "t£te  ♦  systeme  additionnei"  en  analysant  le  deplacement  du  centra  d’inertie  et  les  variations  des 
moments  principaux  par  rapport  a  la  t£te  nue,  en  relation  avec  les  centres  de  rotation  qui  eux  restent  inchangcs. 

^'influence  des  masses  additionnelles  a  ete  obse-‘ec  sur  quatre  sujets  pour  un  mouvement  calibre  et 
facilement  identifiable,  defini  par  1'acquisition  visuelle  d\  e  cible  imposant  des  rotations  de  la  i£te  dans  diverses 
directions,  avec  ou  sans  masses  additionnelles.  En  ce  qui  conctrne  strictemcnt  Paspect  dynamique,  nous  avons 
releve  des  variations  du  niveau  et  de  la  duree  des  accelerations  de  rotation  en  relation  avec  Paugmcctation  de 
1'inertie  ainsi  ertee.  Le  deport  du  centre  d'inertie  induit  egalement  des  perturbations  verticales  de  1'acceleration. 
Ce  fait  est  confirme  par  une  augmentation  ties  nette  des  activites  des  muscles  de  maintien  et  de  mise  en 
mouvement  de  la  tite,  en  particulicr  les  muscles  de  la  nuque. 

Un  autre  fait  au  moms  aussi  important  doit  fine  signale.  En  eftet  la  perturbation  creee  par  I’iniplantation 
de  I'appareil  concerns  egalement  le  maintien  postural.  On  observe  en  particular  de  fortes  variations  du 
stabilogramme  pendant  les  experiences  d'acquisition  de  cible  lorsque  le  sujet  est  en  position  deboui. 

Cette  modification  de  la  dynamique  de  !a  t£te  entraine  une  sensible  degradation  de  la  performance,  evaluee 
en  lonctioa  des  erreurs  relevees  et  de  1'accroissement  des  temps  de  reponse  pour  la  localisation  de  cities 
aeriennes. 

L'attention  de  ces  concepteuts  de  materiels  doit  done  £tre  attiree  sur  Pinfluence  determinant  de 
I’eff icac-te  oes  operateurs  des  apports  de  masse  sur  la  t£te.  A  partir  des  constats  etablis  dans  cette  etude,  une 
recherche  plus  generale  doit  £tre  er.treprise  avec  pour  objectif  d'etablir  les  fonctions  de  sensibilite  d'un  opergteur 
aux  inertias  additionnelles,  en  liaison  avec  des  criteres  de  performance. 


1  -  INTRODUCTION  - 

Le  port  du  casque  traditionnellcment  prevu  comma  moyen  de  protection  de  ia  t£te  est  de  plus  en  plus 
frequemment  envisage  commc  une  possibility  d'impiantation  d’equipements  complementaires.  Ces  equipements  sont 
destines  soit  a  la  fourniture  d'informations  externss  au  sujet,  visuelles  ou  auditives,  soit  au  contrast  a  renseignei 
ie  bystCinc  extcricur  iu r  Petat  du  Sujet  :  position  de  la  t£te.  orientation  du  regard,  etc... 

Quel  que  soit  le  som  apporte  a  la  realisation  de  ces  dispositifs  par  le  choix  et  la  repartition  des  ..-lateru  ix, 
ils  sont  a  i’origine  d'une  modification  sensible  de  la  charge  ponderale  de  la  t£to  et  leur  implantation, 
necessairenient  situee  sur  la  peripherie  du  casque,  se  traduit  par  une  alteration  importante  des  ca/acteristiques 
mertielles  de  la  t£te. 

Ajx  effets  de  fatigue,  ou  voire  meme  lesionnels,  occasionnes  par  le  port  de  ces  systemes  pour  une  longue 
duree,  viennent  s’ajo'jter  des  effets  immediats  ou  a  tres  court  terme  sur  la  starque  et  la  dynamique  de  la  t£te, 

L’objet  de  cette  presentation  est  de  rendre  compte  des  travaux  prehminaires  qui  ent  etc  effectucs 
relativement  a  ces  effets  a  court  terme,  lors  de  revaluation  d'un  systeme  destint  a  detecter  les  mouvemcnls  de 
tfcte  au  moyen  d’mclnomeUes  integres  a  un  ensemble  coiffe  et  casque. 

L'approche  experimentale  a  porte  sur  deux  aspects  complementaires  : 

-  revaluation  des  modifications  apportees  a  la  t£te»  concemant  les  centres  d’inertie  et  moments  d'inertie 
principaux, 

-  l'etude  de  la  degradation  des  performances  pour  des  mouvements  d'acquisition  d’une  image  en  champ  lomtain, 
t£te  hbre  et  t$te  chargee. 


2  -  MODIFICATIONS  1NC.RTIELLES  DF.  LA  TF.1E  - 

La  premiere  phase  de  cette  etude  a  ete  centree  sur  la  determination  des  caracteristiqucs  prepres  du 
systeme  implante  sur  la  t£te.  A  tet  elfet  nous  avons  utilise  la  methode  classique  du  double  pendule.  Le  C&jque  est 
incorport  a  une  nacelle  pouvant  successivement  oscil'er  autour  dc  deux  exes  parallels.  De  la  mesure  dcs  deux 
.  periodes  d’oscillation,  associee  a  la  connaissance  de  la  masse  de  l'ensemble  et  de  Pentraxe,  on  peut  deduire 

aisement  a  la  fois  la  position  du  centre  d'inertie  relativement  a  l'un  ou  I'autre  axe  d'oscillatiori  et  le  moment 
d’inertie  par  rapport  a  ces  directions.  Les  m£mes  mesures  etant  faites  sur  la  nacelle  vide,  conduisent  par 
difference  aux  caracteristiqucs  du  casque  seul.  En  procedant  successivemcnt  scion  les  trois  directions  orthogoriales 
I  de  Pespace  :  vertical©,  anteio-posterieure,  laterals,  on  a  obtenu  dans  un  refercntiel  lie  au  casque  la  position  du 

centre  d'inertie  et  les  trois  moments  d'inertie  centraux  (Tableau  n°l). 

s 

1 
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Ces  infoi  nations  doivent  ensuite  £tre  associees  aux  caracteristiques  propres  a  celles  de  la  i6te,  centie 
d'inertie  et  moments  d'inertie.  Ces  donnees  sont  generalement  obtenucs  a  partir  de  releves  photogi ammetriques 
permettant  dc  determiner  )es  coordonnees  de  points  situes  sur  des  courbes  dc  niveau  et  de  calculer  ensuite,  par 
integration  numenoje  approchee,  les  differentes  caracteristiques  inertietles  pour  une  masse  voiumique  uniforme 
voisinc  de  r  unite.  De  tels  travaux  oni  ete  realises  dans  notre  laboratoire  (R.  MQLLARD,  1987),  mais  ont  ete 
egalement  publics  par  McCONVILLE  3.  ct  Coll.  (1980).  Ces  travaux  ont  permis  d'etablir  des  methodes  d'estimation 
d f  carccteristiques  inertielles  se^mentaires  pour  les  different*  elements  anatomiques,  en  utitisant  cotnme  donnees 
dc  base  des  riesures  anthropometriques  clossiques. 

Ce  prmc!pe  a  etc  retenu  pour  estimer  les  caracteristiques  inertielles  de  la  t£te  des  (Juatre  operateurs  ayant 
participe  aux  evaluations  de  performance  (Tableau  n*2).  Les  mimes  evaluations  ont  etc  realises  pour  one 
population  generate  de  militaires  fran^ais  extraite  de  ERGODATA  (Tableau  n*3)  et  on  peut  constater  que  les  sujets 
rctenus  pour  les  tests  de  performance  presentent  one  vat  iabilite  interindividuelle  tres  importante  pour  ces 
caracteristiques  inertielles,  couvrant  ainsi  I'amplitude  totale  de  variation  de  la  population  de  reference- 

On  peut  ensuite  gr3ce  a  des  relations  classiques  de  la  cinetique,  caracteriser  I'ensemble  tlte  casque.  Selon 
les  indications  du  schema  correspondant  au  plan  sagittal  median,  on  constate  un  deplacement  tres  important  du 
centre  J'mertie  de  la  tlte  lorsque  le  sujet  est  equipe  de  son  casque,  de  i'ordre  de  4  cm.  (Figure  n*l).  Par  ailleurs  la 
variation  des  moments  d'inertie  est,  conme  1‘indique  le  tableau  n°4,  tres  impoitante-  Ce  resultat  est  d'ailleurs 
previsible  puisque  ici  les  materiaux  acJditifs  ont  une  masse  voiumique  moyenne  beaucoup  plus  eltvce  que  Celle  d? 
la  tlte,  et  sont  implantes  loin  des  centres.  Ici  nous  avons  ramene  ies  valours  des  inerties  aux  axes  de  rotation  de 
la  tlte,  puisque  ce  sont  eiles  qui  interviennent  «.igr.ificativrment  dans  les  mouvements. 


3  -  EVALUATION  DE  L'EN5EMBLF_  HOMME-EOU1  PENDENT  - 

Le  second  objectif  de  Cette  etude  prelmninairc  etait  de  caracteriser  !a  reponse  dyr.amique  de  la  tlte  avec  ou 
sans  casque,  lorsque  le  sujet  doit  poster  son  attention  visuelle  sur  un  point  de  son  champ  soudainement  occupe  par 
une  image. 

La  methods  repose  sur  des  presentation;  de  tSches  eiementaires  destinies  a  recreer  pour  le  sujet  des 
conditions  d'observation,  d'acquisition  et  de  suivi  de  cibles  aeriennes,  au  moyen  de  projections  d'images  sur  un 
figuratil  de  ciel,  quart  de  sphere  de  10,4  m  de  diametre  (Figure  n*2).  L’apparition  de  la  cible  est  aleatoire,  et  le 
sujet  en  position  initial®  neutre  doit  la  loealiser  et  informer  le  systeme  par  action  sur  un  bouton-poussoir  ;  la  soli¬ 
citation  est  ou  sequentielle,  ou  inserce  dans  une  phase  dc  suivi  de  cible.  L’ersemble  de  I'experience  est  geree  par 
un  logiciel  specifique,  permettant  de  quantifier  les  tests  de  performance  sous  forme  de  mesure  de  temps  de 
reponse,  de  taux  d'erreurs  de  localisation  et  (^identification  de  la  cible. 

Parallelement  I'activite  du  sujet  est  contrSlee  par  un  ensemble  de  mesurcs  biomecaniques  : 

-  mesure  des  rotations  droile-gauche,  a  I'aide  d'un  potentiometre  place  sur  la  tlte  du  sujet, 

-  accelerations  tri-axiales  captees  au  niveau  du  front, 

-  posturographie,  au  moyen  d'un  statokinesimetre  place  sous  les  pieds  de  l'operateur  qui  permet  l'enregistrement 
des  efforts  transmis  a  ['interface  pied-sol,  suivant  deux  axes  orthogonaux  de  reference,  antere-posterieur  et 
lateral, 

-  electrocardiographic  et  electromyographic  des  groupes  musculaires  suivants  : 

-  cou  :  sterno-cleido-mastoidier, 

-  nuque  :  trapezes  moyens,  droit  et  gauche, 

-  dos  :  spinaux  c6te  droit. 

Nous  avons  teste  les  quatre  sujets  en  retenant  pour  chacun  d  eux  cenime  elements  dc  reference,  les  resultats 
des  e5sais  tlte  libre.  Les  essais  se  sont  deroulcs  selon  civets  protocoles. 

Le  premier  consiste  dans  1'acquisition  de  cibles  necessitant  des  rotations  droite  et  gauche  de  la  tlte  a  partir 
d'une  position  neutre  central®,  soit  20  cibles  pendant  cinq  minutes. 

Ensuite  on  traite,  roujours  en  cinq  minutes,  20  cibles  a  apparition  aleatoire  localisees  cn  positions  : 

-  droite-haute, 

-  droite-basse, 

-  avant^haute, 

-  gau  .he-haute, 

-  gauche-basse. 

Enfin  pendant  des  durees  plus  longues  (15  a  30  minutes)  ;)  s'agit  de  sums  de  cibles  avec  acquisitions  :  les 
trajeetcures  sont  circulates  horizontalcs,  a  plusieurs  niveaux,  ou  smusoidales  avec  ovi  sans  phases  d'arrfct  <s  des 
vitesses  de  dcplacemern  constants  ou  variables.  Au  cours  dc  ces  sums  1'acquisition  consiste  en  1'extinction  dc  la 
cible  suwie  dc  I'apparition  de  maruere  aleatoire  d'une  autre  cible  de  figuratil  de  ciel,  aans  une  autre  position  de 
let^rence  (20  uu  40  cibics}- 

Les  resultats  presentes  Sjr  les  tableaux  n°5  a  S  font  apparaitrc  une  degradation  tres  sensible  des 
performances  des  sujets,  accompagnce  d'une  augmentation  tres  nette  de  I'amplitude  des  stabilogrammes  et  des 
activites  L-M.G.  des  muscles  soillicites  lots  des  mouvements  de  la  tlte  ^Figures  n“3  a  5). 

Les  accelerations  tangentiellcs  et  norm^les  sont  dinunutes  en  amplitude  de  maniere  notable  tandis  que  les 
durees  de  signal  augnicntcnt,  rellctant  ainsi  directement  1'effet  de  I'inertie  (Figure  n^ft).  Les  accelerations 
verticales  iont  plus  elevees.  Les  temps  de  reponse  sont  en  augmentation  de  !  5  a  40%  avec  une  augmentation  dc  la 
dispersion  de  leur  va'eur,  tandis  que  les  forces  transmises  au  sol  dans  le  sens  antero-posterieur  sont  en 
augmentation  de  10  a  15%,  ce  qui  apparalt  a  I'cxamen  du  stabilogramme  (cf.  figures  n*3  a  5). 


U  -  CONCLUSIONS  - 

Les  variations  tres  imporiantes  des  caracteristiques  de  la  t^te  causees  par  le  port  du  systeme  modifient  le 
compertement  dynamique  de  la  t€te.  Le  deport  du  centre  d'inertie  a  pour  effet  de  destabiliser  I’asservissement  de 
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maintirn  do  la  tele,  to  qui  est  egalenicnt  tradmt  par  I'augmcntat j or>  do  I’actmtc  des  muscles  mipliqucs  dans  un 
movement.  II  est  important  d’en  souligner  ('influence  correlative  sui  lc  mamticn  ot  la  regulation  posturaic  et  ie 
resultat  final  quant  a  la  degradation  dr  la  per iormanre.  II  y  a  cependant  une  certame  adaptation  ar  systems 
pulque  lex  perturbations  observers  no  sont  pas  accrues  apres  unc  heuro  do  port  du  casque.  A  residence  le  cas 
present**  ici  est  un  cas  Jimite,  ct  il  est  clair  qu'on  doit  x'attachcr  a  roster  dans  un  devis  de  masse  nettemert 
inter  it  u'  • 

Cependant  on  pout  retemr  quo  les  tests  choisis  sont  sigrwf itatifs  de  la  perturbation  etudioe.  Ils  pouveni 
servir  d'outiis  do  base  pour  entreprendre  une  etude  experimental  beaucoup  plus  vaste  qui  consistera't  en  une 
cartograpbir  de  I'influencc  do  charges  sur  la  l£tc,  en  termes  de  resultantcs  et  de  moments  resultants  appliques  e*> 
dilferoats  points.  Ln  effet  unc  telle  demarche  permet  de  fame  vaner  separemont  les  effets  de  la  charge 
proprement  ditc  et  les  effets  de  son  moment,  combina>son  de  la  charge  et  des  distances  de  son  implantation  au 
centre  de  rotation,  un  couple  donne  pouvant  a  I'evidence  £trc  jnduit  par  dilferentes  repartitions  de  charge.  On 
pout  esperer  definir  a  partir  d'unc  telle  etude,  des  entires  d'optimisatian  utiles  aux  conccpteurs  d'equipements. 


Masse  -3Kg 

Valeurs  des  moments  d’inertie  du  casque 
(expriales  en  kg.m2) 

.2 

I 

X 

2,53.10  t  0,01 

_2 

I 

2,91.10  i  0,01 

y 

_2 

i 

z 

3.12.10  t  0,02 

Tableau  ncl 

Valeurs  des  mertics  prmnpales  du  casque. 
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_9 
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_9 
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_9 
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.9 

i  0,37.  10 

*  (kg.m1) 

2  <kg.r?j 

. 

9 

1.18.10” 

9 

1,41 . 10" 

Q 

1,63.10"' 

1,85.10"' 

i  0,18. \0~J 

Tableau  n°2 

Estimation  des  moments  d  mertie  lx,  !y,  Id  de  la  tete  des  sujets 
ayant  participe  au*  experimentations. 


Ho-cnncs  Cv.  ecart  -types  des  mesures  de  r^ffrcnce 
et 

amplitudes  de  variations  des  valeurs  inercielles 

Erreur 

d  ’  esc imat ion 
au  seuil 
de 

probsbil itS 

r  -  .Ob 

Lungueui  de  la 
tete  (rm)  .... 

Peri  metre  de 
la  tetc  (cm)  . 

m  -  19.31 

rr.  -  56,45 

_ 

a  ~  0,66 

p  -  1,54 

-  * 

_9 

_  9 

I 

x;ky.»>; 

1,5.10  «  ix  «  2,34,10 

.9  _y 

i  0,32. 1C 

_9 

Iyfkg.^t 

1.63.10  «  J  <  2 , 72  •  lb 

y 

_9  _  9 

?  0,37. :o 

.9 

1,1.10  s  1 

*  1,9.10 

*  0.18. 10 

Tableau  n*3 

Estimations  ct  amplitudes  dc  variations  les  plus  probables  de  valeurs  mertielles  d'une  population  de  jtun.es 
frangais  du  sexe  masculin  (N  :  796)  dom  on  connait  les  parametres  statistiques  de  mesures  enthropometriques 

relevees  sur  la  t£ie. 


I 


Figure  n°l 

Position  du  centre  de  granite  Cr  resultant  de  1'ensemble  t£te-coiffe  dans  le  plan  sagittal  median 
et  direction  des  axes  de  rotation  de  la  tdte. 


Sujet  S4  -  Moments  d’inertie 
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Casque  (1  )  . 

Vz'Z 

3,19. I0“2 

To  to  *  e»ouc  .'Vz.,-' . 

3,S  .!0"‘ 

Tableau  n°4 

Valeurs  des  moments  d'inertie  de  fa  tete,  du  casque  ei  dc  I’enscmblc  lt£te-casque)  du  sujet  S4  par  rapport  a  1'axe 
de  rotation  de  la  tetc  -  pour  deux  directions  pcrpendiculoircs  :  Y'Y,  Z'Z- 


i 


i 


i 
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PkQIULOLl  n°l  -  Temps  d 'acquisition  Droitc/Gauche 


Tetc  *  CASQUL 


Tableau  rr> 

Comparaison  des  temps  do  reponse  pour  des  rotations  droite/gaurhe  de  la  xtxc,  avec  ou  sans  port  du  casque 
(m  :  moyenne  et  o  :  tear  t- type  -  VaJeurs  en  nullisccondes). 


I  SUJtTS 


817 

709 

1270 

873 

Tableau  n°6 

Variation  des  temps  moyens  d'acquisition  en  fonction  de  la  localisation  spatiaic  de  la  cibie. 
(Valeurs  en  miilisecondes). 


PROTOCOLE  n°2  -  Acquisition  avec  ou  sans  suivi  de  cibie 
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Tableau  n*7 

Coraparaison  des  temps  dc  reoonse  pour  differences  tAches  d'acquisition  avec  ou  sans  port  du  casque. 
A  =  Condition  de  reference  :  tftte  nue  et  B  =  TSte  *  casque. 

(Valeurs  en  milJisecoi.des). 
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Tableau  n°8 

Variations  des  temps  d'acquisition  on  function  dc  la  localisation  spatial?  do  Id  able. 
A  -  Condition  tetc  nue  -  reference  rt  13  *  Trie  ♦  Casque  (Valcurs  cn  nullisecondcs). 
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figure  n°3 

Exempt  d'enregistreinent  de  donnees  biomecaniques  et  physiologiques  pour  le  Suiet  5 3. 
Conditions  d'essais  :  sans  casque  ;  acquisition  dc  cibles  pendant  suivis  -  Test  2. 
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Figure  nv‘<* 

l.xemple  d'enrcgiStrcmem  do  donnees  bicmecamques  cl  physiologiques  pour  lo  Su|et  S3- 
Conditions  d'essais  :  avee  casque  ;  acquisition  do  able*  pendant  sums  -  Test  2- 
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Figure  n<‘5 

Lxemple  d'enregistrernem  do  donnees  biomecaniques  et  physiologiques  pour  le  Sujet  S3. 
Conditions  d'essais  :  avec  casque  (apres  2h.  de  port)  ;  acquisition  de  obJes  pendant  suivis  -  Test 
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PiKur  (.•  n*'f- 

1  \  tropic  d’eivcjtiMremt.ni  pom  in  mom ornoi.t  do  rotation  do  Id  to  to  vot  s  la  droite, 
co  iondMion  tctc  m;c  ia),  pun,  met  )e  port  du  ,.asqi.r  (ti)  -  bu]Ct  bl- 
Conditions  dVssais  :  ai  qinsit'cn  ho  i/oniale. 


ruuknci  s  - 

Mi  COW  1LI  1.  (1.1.)  ;  O'l/RCHIIL  (l'.n.)  ;  KALI  P*  U.)  :  CLAIM. K  UM  .)  ;  CrZIl  ID.  Amhr  opon.ot.  „ 
t  »*lat  lonslups  ot  l>od>  and  Oo<1)  segments  inOhionls  ot  inertia.-  Wright  Patterson  Air  I  otic  Paso  :  Air  lot,c 

Acios,utv  MciNal  KOfan'i  Laboratory  WLO.-  IK  p.-  ( M  A  MR  L  - 1  U  -  SO  - 1  I  *»). 

MOLL ARP  IK-)--  Apport  do  la  biostcreometr  ic  dan''  la  niodchs.it ion  mi  to^ps  human*  -  Aspn  ts  statiques  ct 
<l>naimqui'S..  Parts  :  I  A  A.  PJS?.-  1  Vj  p.-  llhr*M*  (It*  l\u  total  d'Luit  r.  V  if  cos  fcaliiicllc*  :  I'nisersitt  Pur  is  V 
Rem*  IVsiartos  :  2  3  vH.tobie  DS7), 


nj-i 


DISCUSSION  PERIOD  3 


Col  Asleben.  GAP. 

Ihave  n  question  for  Professor  Snijders  or  any  of  th.  other  speaker;,  this  morning.  Woiking 
on  EFA  (the  European  Fighter  Aircraft)  program  and  I  am  responsible  on  the  German  side  tor 
operational  aspects.  Wc  need  a  helmet  ■  h  helmet  mounted  devices.  As  you  know  EFA  will  be 
more  agile  than  the  F16  with  higher  G  onset  rates.: 

1  )What  would  you  consider  would  be  the  maximum  weight  that  the  piiol  can  stand  long  term 
without  getting  fatigue  and  in  the  short  term  without  getting  injured  ? 

2)What  movement  or  displacement  of  the  O  of  G  fulfills  the  same  as  another  weight  which 
increases  the  total  mass  but  equalises  the  balance.? 


Professor  Snijders.  Netherlands 

Wc  need  very  much  more  information  such  as  was  said  on  one  of  this  mornings  papers  on 
the  failure  analysis  of  vertebrae  and  soft  tissues.  According  to  our  tesulls  we  are  near  these  limits, 
:,o  to  increase  the  weight  eleven  helmet  and  helmet  mounted  devices  will  he  tricky.  We  cannot 
predict  the  long  term  effects  on  the  spine  therefore  we  need  more  epidemiology-  and  X-riy  siudies. 
What  1  want  to  emphasize  is  already  at  this  time  it  is  a  pity  that  the  nclniet  adds  so  much  weight  in 
a  situation  u  '.ere  you  want  to  get  rid  of  it.  To  decrease  the  weight  certamlv  by  30-50%  would  lie  a 
really  impo.iant  influence  on  the  weight  ol  the  neck  and  that  also  would  decrease  muscle  fatigue 
dramatically  According  '.o  our  figures  within  IU-3(lsecs  some  operation  like  air  combat  would 
lead  to  absolute  fatigue.  In  other  positions  with  lower  G  values  such  as  adjusting  the  computer, 
other  problems  exist.  In  general,  in  answer  to  your  question,  I  would  say  we  can  improve  a  little 
bit  by  changing  the  mass  centre  of  gravity  of  the  helmet. 


Col  Asleben.  GAP. 

This  does  not  answer  my  question.  Wc  have  to  give  an  answer  to  the  engineers  right  now 
and  say  the  maximum  weight  shoulJ  be,  say  1.4-1.5Kg,  because  they  have  to  start  the  work  on  this 
for  futuie  development.  So  what  would  you  consider  should  be  the  maximum  weight. 


Professor  Snijders,  Netherlands. 

The  helmet  in  our  study  was  the  Alpha  helmet.  If  you  take  that  as  an  example  1  would  sav 
that  was  the ''mu. 


Dr  Privuzer.  uSAF. 

I  can't  really  speak  for  the  Air  Force  anymore,  but  the  approach  we  took  is  to  look  at  the 
system  you  have  in  mind,  conic  up  with  the  inertial  properties  and  run  simulations  in  which  wc 
expose  the  head  spine  model  with  those  inertial  properties  incorporated,  to  the  types  of 
environment  that  you  are  concerned  with,  and  look  at  what  the  mass  lit./  ts  were.  According  to  our 
criteria  we  want  certain  response  parameters  to  stay  below  certain  levels.  1  lie  type  of  levels  •  was 
talking  about  correspond  to  yield  stress  on  the  neck  and  cervical  spine  elements  *»ntl  the  upper 
thoracic  level.  1  here  is  a  question  ol  how  valid  it  is  and  there  is  still  work  to  be  done  but  we  seem 
to  be  in  a  reasonable  ball  park.  You  want  a  number  but  right  now  you  can  tell  from  the 
presentations  you  can’t  do  this  yet. 


Mr  Frisch,  USA. 

The  Navy  is  in  the  process  of  an  introducing  an  integrated  night  vision  system  into  attack 
aircraft  The  question  is  one  that  wc  have  wrestled  with  for  some  time.  T  he  approach  that  we 
have  taken  is  that  we  know  that  many  of  the  helmet  types  we  have  flown  in  the  past  have  been 
much  Sica* ic i  iimn  uncs  flown  now.  5o  as  far  as  weight  is  concerneo  we  car  probably  give  a  little 
territory.  From  all  the  studies  we  have  conducted  in  terms  ol  head  and  neck  response  in 
munuekins  and  mathematical  simulation,  the  crucia1  parameter  seems  not  to  be  so  much  the  mass 
hut  the  C  of  G  location  of  the  system.  So  what  we  went  out  with  is  using  the  HGU  3."-P  as  a 
baseline.  We  wanted  the  three  manufacturers  that  hid  on  the  system  to  come  up  with  something 
that  weighs  the  equivalent  of  the  HGU  33P  and  have  a  more  favourable  C  of  G  location  closer  to 
the  occipital  condyles.  Nobody  I  think  will  be  able  to  tell  you  what  the  absolute  weight  is. 


i 


Dr  Leger,  France. 

I  would  ‘ike  to  put.  a  question  to  Professor  Snijder.s  about  the  accuracy  of  the  measurement 
used  to  establish  jour  model,  and  also  about  the  accu>ac\  of  inflight  measurements  of  head 
displacement. 


Professor  Smjders.  Netherlands. 

There  was  not  time  in  my  presentation  so  !  did  not  include  all  the  details  of  the  accuracies. 
The>  arc  of  paramount  importance.  The  measurement'  of  the  position  of  the  head  have  been 
performed  by  the  National  Aerospace  Laboratory  in  the  Netherlands.  They  claim  with  their 
computing  system  th.it  the  positions  could  be  determined  with  a  SD  of  1.5°  and  the  orientation  of 
the  direction  of  acclcration  which  was  obtained  from  accelerometers  on  the  helmet  based  on 
pic2oresiStive  transducers  were  of  the  same  order  of  magnitude.  What  was  very  important  in  our 
study  was  the  neutral  position,  because  all  calculations  were  started  with  that  the  neutral  FI6 
position.  We  can  say  that  3°  may  be  inaccurate.  Next  we  did  a  parameter  deviation  study 
(sensitivity  analysis)  there  were  so  many  parameters  involved  it  came  out  that  the  model  was  most 
sensitive,  as  could  be  predicted,  to  the  points  of  attachments  of  muscles,  with  respect  to  the  axis  of 
rotation  of  the  different  levels.  By  changing  all  parameters  plus  or  minus  10%  we  found  that  there 
were  deviations  on  the  forces  at  t^ie  lower  cervical  level  deviated  up  to  fiO c/r,  so  we  have  to  be  very 
careful  with  our  interpretations.  However  +/-  10 Vc  we  think  is  a  little  much  and  therefore  we 
state  again  and  again  that  the  mode!  is  most  appropriate  for  comparing  different  .situations,  H\ 
simulating  an  optimal  helmet  I  have  shown  a  theoretical  helmet  weight  of  XOiJg  with  the  C  of  G  as 
much  behind  the  axis  of  rotation  as  now  it  is  in  front.  Then  you  can  obtain  interesting 
improvements. 


I)r  Von  Gierke,  USA. 

Dr  Mctlhaney,  you  showed  the  parameter  of  the  vertebra  under  various  loads  in  a 
stahlilised  condition'and  in  an  equilibrated  condition.  I  wonder  gome  from  the  one  to  The  other  is 
some  fluid  being  pressed  out  of  tne  vertebrae  which  again  is  absorbed  hy  the  vertebrae  by  the  time 
you  insert  them  in  saline.  The  question  is.  is  the  static  height  ol  the’sertebrae  different  in  the 
conditions  and  which  condition  is  really  closer  to  the  in  vivo  situation  ol  the  vertebrae. 

Dr  McLlhancy.  USA. 

I  he  standing  height  definitely  doc?,  change  under  those  conditions,  as  far  as  which  is  closest 
to  in  vivo  I  think  that  it  is  well  known  when  you  get  up  in  the  morning  you  are  at  your  maximum 
height  and  during  the  oay  you  shrink  as  much  as  .5"  and  then  you  lay  duw  n  and  re-eqm'liberaie  your 
vertebrae.  I  think  in  vivo  may  be  we  are  operating  between  these  two  extremes.  There  is  definitely 
fluid  exuded  from  the  discs,  more  than  anything  else  in  the  cyclic  loading,  and  as  far  as  potential 
for  injure  there  is  a  theory  m  orthopaedics  that  von  are  more  liable  to  injure  your  lumbar  spine  in 
the  am  tnun  the  pm  when  the  discs  are  fully  equilibrated  and  suffer. 


Dr  Von  Gierke.  USA. 

Well  we  repeated  some  of  the  classic  movements  that  you  have  just  quoted  that  you  aic 
shorter  in  the  evening  than  you  are  in  the  morning.  1  his  might  be  true  but  the  main  effect  comes 
from  changinv  ynur  posture  and  muscular  tcn»iui.  ilnuugiiout  the  evening  and  not  so  much  from 
compressing  the  vertebrae  during  the  day  but  the  d it te fences  you  have  between  the  two  conditions 
are  very  marked  There  are  quite  substantial  differences  in  the  parameters  of  the  vertebrae;  the 
question  really  is,  is  some  of  this  being  caused  by  fatigue  and  compression  of  the  vertebrae  or  is 
some  of  it  just  an  artefact  in.  ihe  type  of  in  vitro  measurements  that  we  du,  where  you  cannot 
prevent  pi  ess i ng  some  fluid  out  of  the  veitebiae  which  is  to  some  extent  prevented  in  vivo. 


Dr  McHIhaney,  USA. 

1  think  that,  that  is  correct  that  there  may  be  some  artefact  in  our  nrepui  ation.  We  do  keep 
the  specimens  moist  in  100%  humidity  during  this  testing.  We  have  also  found  that  we  can  go  from 
one  state,  the  fully  equilibrated  state,  to  the  mechanically  stabilised  slate  and  then  back  again  so 
it  is  difficult  for  me  to  say  how  much  this  compares  to  the  in  vivo  state  but  is  a  repeatable  end  state 
in  the  in  vitro  experiments  that  we  do. 


Dr  Kriebel,  GAF 

if  i  got  i\  right,  none  of  your  football  players  had  a  fracture  of  the  dens  axis,  this  is  suprising. 
Did  you  find  any  fractures  ol  tne  dens  axis?  The  second  question  is  you  had  quite  a  number  of 
vertebral  fractures.  How  many  of  these  patients  suffered  symptoms  of  spinal  cord  compression 
and  how  many  of  the  sportsmen  could  go  back  to  spert  again. 


Dr  McLIbaney,  USA. 

Ihe  numbers  that  I  mentioned  on  both  the  football  and  diving  accidents  were  all 
permanently  quadraplegic,  sr.  none  recovered.  We  have  not  seen  any  fractures  of  the  dens  in  these 
activities.  The  primary  type  of  fracture  in  75%  or  more  is  a  compression  fracture  with  anterior 
dislocation,  usually  in  C4,5,6  region 
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RESUME  i 

L* environnoment  des  pi lotes  d’ avion  dc  combat  modornc  est  particul i^rement 
agressif  pour  lc  systdme  tete-cou.  L’ introduct ion  de  systtmes  cptroniques  months  sur 
le  casque  aggrave  encore  le  probldme  dos  accdldrations  +  Gz. 

Des  Etudes  on  centr ifugeuse  ont  dtd  menses  afir*  d'dvalucr  I’ influence 
des  paramdtres  d ' environnemont  ( inclir.aison  du  sidge,  accdldiat ion  4  Gz  cn  plateau 
on  en  variation)  sur  la  mobilitd  dc  la  tete. 

280  lancements  ont  dtd  eifectuds  sans  rencontrer  d1 incidents  t raumat iques . 
Les  rdsultats  obtenus  montrent  que  jusqu’a  5  G,  les  caractdi istiques  de  ddplacement 
de  la  tete  sont  peu  modifides.  En  revanche  la  variation  du  niveau  d’ accdldrat ion  amdne 
des  perturbations  de  la  stability. 

Les  sous-systdmes  rdflexes  impiiquds  dans  la  stabilisation  dc  la  teto 
dtant  influencds  par  le  controle  volontairc,  les  loir*  dc  commando  des  avions  dc  combat 
pourraient  constituer  un  point  d’intdret.  dans  l'dtude  dc  la  physiopathologie  du  systeme 
tcte-cou  du  piloto. 


1 .  -  INTRODUCTION 

Depuis  plusieurs  arndes,  on  constate  dans  la  communautd  adronautique  un 
intdret  certain  pour  le  ret ent issement  des  accdldrations  +  Gz  sur  In  segment  ccphalique. 
Le  problfrne  de  la  mobilitd  dc  la  tete  en  combat  adrien  et  des  dventuellos  consequences 
t raumatiques  ne  const,  it.ue  cependant  pas  un  phdnomenc  entidroment  nouveau. 

Trois  facteurs  peuvenc  etre  pr incipalement  avaneds  b  l'originc  do  cot 

intdret  : 

-  L’ introduct ion  des  commandos  de  vol  dlectriques,  qui  contribuc  a  la 
tr6r»  grande  manoeuvrabi  1  i  td  dos  avions  de  combat  moderne,  mats  aussi  k  1  '  insta  1  1  at  ion 
rapide  et  brutale  des  accdldrations  +  Cz. 

-  L* inclinaison  des  sidges,  destinec  a  protdger  con t re  les  accdldrations 
4  Gz,  mais  qui  prive  la  tete  d'un  appui. 

-  Enf  in,  1 '  introduction  dc  dispositifs  optror.iques  mont.de  sur  le  casque, 
mats  impose  des  masses  aadi tionnel Its  sur  la  tete  du  pilule. 

Co  dernier  point  pr&sente  lui-meme  un  douulc-  aspect.  Ie  premier  cst  puromont 
biomdeanique  et  s'intdrosse  or  risque  traumatique  introduit  par  l'dquipemcnt  de  tete. 
Le  Second  est  lid  k  l'emploi  de  ces  systdmes  sous  facteur  dc  charge  ct  concur  nc 
essent  iel  lerncnt  lc  controle  nioteur  de  la  tete  et  du  cou  cn  prdscnce  de  perturbations 
de  lorce  cxtdr icurcment  appligudos. 

Diverses  approches  de  cc  probldme  peuvont  etre  proposes.  I.’cnquete 
dpiddmiologi quo  permet  de  prdciser  les  ci rconslances  de  sur venue  ot  1* incidence  idclle 
des  phdnomdnes  en  situation  opdrat ionnel le  (1,  2,  9).  bus  techniques  do  moddlisatiori 
mathdmatique  constituent,  dgalement  un  apport  intdressant  pour  co  qui  concernc  la 
biomdeanique  des  t raumat j smes  du  segment  tete-cou  (6,  8). 

Depuis  plusieurs  annoes,  le  Laboratoire  dc  Mddecine  Aerospatiale  du  Centre 
d’Lcsais  en  Vol  a  en^repns  un  programme  d’dtude  approfondi  sur  l'cffct  des 
accd Idr at i ons  ♦  Gz  sur  la  mobilitd  de  la  tete.  Piffdiont.s  aspects,  commc  1  1  incluuiisot) 
d"  siAno  ft  l'emploi  dos  viscurs  de  casque  sous  facteur  dc  charge,  ont  ainsi  pu  Gtrc 
aborddn  lors  d'dt.udes  experiments les  en  cent  r  i  f  uyeuse . 


2.  -  MBTHODES 

Les  essais  ont  dtd  conduits  sur  la  centr ifugeuse  du  Laboratoire.  La  longueur 
du  bras  est  de  6  mdtres.  avec  unp  nacelle  pendulaire  amort  ie,  Dicn  que  dotde  d’une 
commando  manuelle,  la  reproduct ibi 1 itd  des  niveaux  d ' accd Idrat ion  et  dc  leur  taux 
do  variation  est  bonne.  Pour  ce  qui  concerne  ce  dernier  point  Its  pentes  da  mise  on 
accdldration  peuvenL  varier  entre  0,1  G/s  k  1,2  G/s  en  utilisant  alors  un  systdme 
de  catapults. 


r.a  nacelle  utilisde  pour  les  experimental  ions  sur  la  mobilitd  ae  la  tete 
pormct  d'embarqucr  dus  expdrimer.t&tions  encombrantcs ,  avec  unc  charge  ui  ilo  de  270  kg. 


Un  total  do  2B0  lanccments  a  4 t4  rdalisd  au  cour?  de  4  campagncs  d'essais. 
La  campagne  initiate  avait  pour  ebjectif  essentiel  d' observer  l'effet  do  1  *  incl  ina  i  non 
du  sidge  sur  la  mobility  do  la  tete  sous  facteur  de  charge.  Les  campagnos  suivantc-s 
ont  4t4  plus  spdcialcmcnt  consnerdes  nux  probldmes  d'emploi  du  viseur  de  casque  sous 
factour  de  charge#  dans  le  cadre  du  d4vel opponent  de  1 'avion  tactique  issu  du 
ddmonstratcur  "HataJc  A". 

2.1.  -  Mobil  it c  de  la  tete  et  incl  ina  i-son  du  sidqe. 


I#e  dispositif  experimental  utilisd  pour  cette  dtude  a  6t:6  mis  en  place 
autour  d ' un  sidge  inclinable  utilise  lors  d’dtudes  antdrioures  do  validation  du  concept. 
Deux  incl  ina i sons  du  dossier  du  si&go  ont  <5t<$  retenues  :  20u  et  45°.  Dans  cr  dernier 
cas#  deux  condition^  initialcs  dt.aient  utilisdes,  appui  sur  lc  repose-tete  on  mair.tier. 
de  la  tete  aligntfe  avec  le  vecteur  gravitd# 

Dos  ciblos  fixes  dtaient  presentees  sur  un  mode  pscodo-a  1  <5  at  oi  rc ,  scion 
trois  oxcent  ricites  cn  gisement  +  fj°,  4  90°,  4  115°  cl  din4rom.es  3  oca  1  isat  ions 

en  site  sur  les  mdridiens  pr4c4deini«eni  definis. 

i-QS  variables  considdrees  4taient  In  lumps  d  ’  acqu  i s i  t  ion  visuelle  (T1  ) 
et  le  temps  d '  a  1  iqnemcr.t  (T2)  au  moyon  d'un  dispositif  mont6  sur  le  casque.  Le  conquo 
utilise  pour  cette  6tude  avait  unc;  masse  approximative  de  1490  q  .  Les  temps  6taicnt 
mcsur4s  A  parti  r  d'un  signal  donnd  par  le  sujot  au  inoyen  d'un  bout  on-poussoi  r . 

Six  designations  successives  sur  chaquo  mdridion  A  droite  et  A  gauche 
dtaiont  effectuoos  lors  <1 '  acc416rat  i  onr.  stabilises  cn  plateau  h  *  3,  +  4  oi  +  5 
0?. .  Pes  or.sais  ont  dgalemont  et  4  conduits  a  7  G  cn  utUiunr.t  uniquomont  des  ciblos 
A  49  et  90r  .  bans  cc  dernier  car,  le  nombre  do  designations  6tait  limitc  5  3. 

2.2.  -  bmp loi  du  viseur  de  casque  sous  accelerations  •*  Oz .  ( 9 )  . 

Le  dispositif  expdr  imer.i  a  1  a  6te  install*;  autour  d'une  maquetto  gcontetriquv 
du  d6monstratour  Kafalc  A  avec  un  sidge  incline  a  32°. 

Co  dispositif  comprennit  : 

-  Un  ecran  heni sph4r lquc  do  170  cm  do  diambirc. 

-  Un  disposilit  optique  de  renvoi  a  1  '  inf  ini  d'un*.  ciblo  fixe,  icmplacd 
u  Her  i  eurc.T.f.  nt  pat  un  sysr.emo  d*’  projection  a  deux  deg res  de  libcrte  ut.  llisant  un 
rayon  Laser. 


-  Ur.  viscur  de  casque  elect  ro-opt.  i  quo  THOMSON  C.S.b  La  pr 4c is  ion  d^*  cc 
sys.ome  ost  de  l'ordio  do  0,9°.  Gc  viseur  etait  monte  sur  un  casque  (lUbNbAU  498  modifiC; 
la  masse  tetnio  du  system-  dtait  a lors  dc  1280  q.  il  perrnet  de  determiner  avec  precision 
les  iro;s  angles  de  la  vis4e  '.site,  gi cement,  roulis)  amsi  quo  la  position  dc  1 'engine 
de  la  vis6e  dans  lc  r<ff*5rentiel  cabine. 

Les  prot  cedes  d 'etudes  un;  j  ui  t  it*  lomum.  foiie  swi  1  •  acqu  is  i  •  j  on  et  la 
designation  do  ribios  renvoyeos  opt  lquement  h  1' inf  ini.  Unc  localisation  A  4  'j0q  en 
site  et  29°  er.  gisement  a  4t6  retenuo  pour  une  premiere  s4ne  d'essais.  La  mis.-*  au 
point  d'une  proeddrre  de  correction  du  l'crrcur  dc  parallaxc  a  conduit  A  unr  etude 
complement aire,  effoctueu  dans  dcs  conditions  pi  echos  do  la  premiere  campagne,  avec 
une  ciblo  stationnairo  a  +  30°  en  site  ct  cn  qi semen*  •  Ccs  deux  campagncs  ont  6t6 

poursuivies  par  one  6tude  sur  cjblcs  mobiles  avec  diff4rcntes  trajeetoires  d ' ampl j t ude 
et  de  car actcrist iquus  variables. 

Les  essais  ont  6 1<5  nen<5s  dans  deux  conditions  : 

-  bn  presence  d ’ acc4l6rat  ions  *  Gz  stabilisdes  en  plateau  h  *  3,  +  4  et 

4  9  Cz . 

Lin  pr6sence  d'une  variation  d '  acceleration  a  0,0  G/s  avec  dcs 
acccl6rat  ions  teririnnles  en  f>laleau  idciitiques  aux  p-oeedentoy . 


3.  -  HRSULTATS 


Trois  points  sent  a  considd-ror  [>our  les  r6sultats  de  ccttc  dtude 
X' incidence  traumatique#  l'effet  do  1 : incl inai son  da  s  »go  et  les  caracterist iques 
cindmatiques  du  ddplacement  de  la  tete  sous  facteur  de  charge. 
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3.1.  -  Incidence  traumatiquc  . 

L* incidence  traumatique  relevde  au  cours  des  essais  est  extremement  faible. 
Un  seul  sujet  a  abandonnd  les  essais  sans  les  terminer,  en  raiacn  d’un  episode  aigu 
de  cervicalgie,  survenu  b  l'issue  d'une  sdrie  de  lancenients. 

L'examen  medical  a  permie  de  concluie  b  une  origine  musculaire  et  1  r 
gudrison  a  4t4  rapide.  D’autres  sujets  ont  signald  des  phdnomdnes  de  tension  musculaire 
au  niveau  du  coo  £  l’issue  de  sdrie  de  lancement.  Toutefois  ces  phdnomdnes  disparaissent 
y4n4r ale/nent  d'une  manidre  spontande  et  rapide.  Dans  I’ensemble,  les  diffdrents 
pvotocoles  ntilisds  ont  4t4  bien  supportds  par  les  sujets,  avec  senlement  quelques 
incidents  mineurs  qui  ne  remettaient  pas  en  cause  la  participation  b  1 ’exp4rijr.entation . 

3.2.  -  Effets  de  1  *  inc Una i  son  du  sidge. 

Les  figures  1^3  pr4sentent  les  rdsultats  obtenus  pour  les  temps 
d 1  acquisition  visuellc  T1  et  d’alignement  T2 ,  en  fonctiou  de  1 ' excentrici t4  de  la 
cible  et  de  la  coni  igu  rat  ion  du  si6ge  et  de  la  t4te.  Les  valeurs  sont  pzdsentdes  pour 
les  essais  de  r4f4rence  b  1  G  et  pour  les  essais  sous  lacteur  de  charge  b  3  G  et  5  G 


L'examen  de  cos  donn4es  jncnr.re  que  d4s  3  G,  pour  les  cibles  les  plus 
excentrdes,  le  temps  d  'ali  gnement  augmente  considerablement  avec  le  si4ge  b  20 c  et 
lorsque  la  t6te  est  maintenue  droite  sur  le  sidgc  &  459.  Pour  les  essais  cl  5  G, 
l'apparente  diminution  des  valeurs  de  T2  avec  le  sidge  &  20°  est  li4e  au  fait  que 
4  sujets  sur  6  n’ont  pu  effectuer  la  tSche  d ’a lignement . 

En  d4pi t  de  la  tr4s  grande  variabilitd  inter-individuelle,  l’analyse 
statistique  des  dor.n4es  montre  que  s 

-  L'alignement  de  la  tete  est  obtenue  plus  rapidement  dans  la  position 
siige  45°  tete  appuy4e  (*5  Ti )  par  rapport  aux  deux  autrss  configurations.  Cette 
dif fdrence  est  significative  au  risque  1  *, 

II  ex.iote  4galement  une  diff4rence  significative  ertre  los  valeurs 
cbtenues  en  r4f4ronce  1  C  par  rapport  aux  essais  b  3  G  et  5  G.  Par  contre  1' analyse 
ne  montre  pas  do  diff6rence  significative  entre  ces  deux  niveaux. 

Qien  que  ce  prcbl4me  ne  soit  pas  directement  li4  a  la  mobilit4  de  la  tete, 
la  figure  4  permet  de  ccmsjd4rer  les  r4sultets  obtenus  h  7  G.  La  variable  consid4rde 
est  le  pourcentage  des  essais  ou  l'alignement  de  la  cible  a  4t<5  obtenu  d'une  mani4re 
correcte,  tout.es  excentrici t4s  cenfondues.  A  7  G,  on  compare  seulement  le  si4ge  inclind 
b  20°  et  la  conf  iguration  utilisant  le  repose  tete  a  45°,  pour  des  d4s ignaiions  ^ 
4  5  et  9GV.  II  existe  ure  tr4s  grande  diff<5rencc  b  ce  niveau  avec  seu lenient  39  %  des 
taches  e££ectu4es  correctement.  avec  le  si4ge  b  20*>  contre  78%  b  45c. 


3.3,  -  Caract4ristiques  du  d4placement  de  la  tete 
sous  facteur  de  charge. 

Nous  n'aborderons  ici  que  les  aspects  li4s  b  1 ’acquisition  de  cibles 
pr4sent4ee  avec  une  excentrici  tJ>  li*nit4c.  L’a.'iplituo*.-  des  mouvements  dc  tete  e&t  done 
beaut-oup  moms  lmportantc  que  lors  du  Id  pr4c4dente  4tude.  Il  s'agit  en  fait  de  saccades 
de  tete  obliques  vers  une  localisation  pr4dictible.  Pour  1' ensemble  des  sujets  et 
les  dif£4rents  niveaux  de  facteur  de  charge  les  r6sultats  indjquent  assez  clairement 
que,  dans  le  domaine  d ’acc4l4ration  4tudi4,  la  vitesse  de  ddplacement  de  la  tete  est 
tr4s  faiblement  influenc4e  par  le  facteur  de  charge  lorsque  celui-ci  est  4tabli  h 
un  niveau  donn4.  Lorsque  les  acquiei Lions  sont  effectu4es  au  d4but  d’une  variation 
d*acc4i4ration,  les  vitessea  de  emplacement  demeurent  pratiquement  identiques,  mais 
l’on  observe  une  meins  bonne  stabilit4  de  la  vis4e  a  l’issue  de  la  saccade. 

Si  l’on  consid4re  maintenant  les  valeurs  moyennes  des  vitesses  cr4te  dc 
ddplaccr.ent  dc  la  tete  (fig. 5),  on  constate  qu’il  n’ exists  pratiquement  pas  de 
difference  entre  les  di£f6rents  niveaux  d’ acc6 l4ration .  Tar  contre  la  vitesse  en 
gisement.  est  g4n4ralement  sup4rieure  ^  la  vitesse  en  site. 

L’examen  des  figures  6  et  7  periret  d’af  finer  le  jugement  sur  les  vitesses 
de  saccades  de  tete.  Les  tracds  ont  4t4  obtenus  avec  une  cible  se  ddplagant  dans  le 
plan  vertical  de  haut  en  bas.  On  observe  que  1  ’  acqui  sit  ion  dc  reidrence  b  1  G  ffiq.6) 
met  en  jeu  une  seule  grande  saccade.  Par  contra  4  3  C,  (fig.  7}  on  constate  1 ’existence 
d’u'ip  premiere  fiav^uue,  done  la  vitesse  eet  identique  ^  la  prdeddente,  qui  ne  permet 
pas  d'att.eiodre  La  cible.  One  deuxidme  saccade  de  correction  amdne  alors  la  visdc 
sur  le  buL. 


Bien  que  3  ’  intervention  de  phdnorndnes  adaptatife  suJtvienne  rapidement, 
1 ’acquisition  de  la  cible  par  plusieurs  saccades  successi ves  a  4t4  couramment  relevde 
lors  des  essais. 


A.  -  DISCUSSION 


L'ensemble  des  rdsultats  obtenus  lots  de  ces  dtudes  success!  ves  amAr.e 

a  considdrer  plusieucs  points. 

3i  apparait  en  premier  lieu  que  les  caractdr ist iques  de  ddplacemont  de 

la  tete  ne  sont  rdellement  affcctdes  que  pour  dea  excentric itds  de  cible  importances, 

du  rcoins  dans  un  domaine  d 1  accelerations  moddrdes  jusqu'A  5  G.  Si  l'on  s'intdresse 
aux  rdsultats  obtenus  lors  des  essais  les  plus  rdcents,  qui  analysent  plus  fi.nement 
In  adplacement  de  la  tete  en  utilisant  des  variables  cindmat iques ,  on  ratrouve  des 
observations  cohdrentes  avec  la  mesure  des  temps  d ' acqui si t ion .  Dans  les  deux  cas 
les  differences  entre  les  diffdrents  niveaux  de  facteur  dn  charge  demeurent  trfes 
faibles . 


Sur  le  plan  du  cor.trole  de  la  mot.ricitd  de  la  tete,  on  constate  done  que 
les  accelerations  stabilises  en  plateau  n'affectent  que  trds  moddrdment  les 
caraetdri  st.  iques  des  mouvements  de  tete,  ceci  dans  un  domaine  d '  aced  idration  et 
d ' excentrici td  de  cible  relativement  rdaliste  pour  l'emploi  d'un  viseur  de  casque. 

On  peut  done  considdrer  que,  dans  ce  domaine,  toutes  choses  dtant  Agales 
par  ailleurs,  le  systdme  ostdo-muscul ai re  et  articulaire  da  cou  compcnse  presque 
totalement  les  effets  lies  A  1 ' augment ation  o’ intensity  du  vectour  gravitd.  Ces 
constatations  sont  A  rapprocher  des  rdsultats  obtenus  ant4ricurement ,  en  particulier 
par  SUIRACIII  et  coll.  (7)  qui  ont  montrd  que  les  cr.  ract4ri  it  iques  spectrales  dynrmiques 
du  mouvement  de  la  tete  n'dtaient  pas  affeetdes  p.»r  le  poids  de  1 5  4quipemont  de  tete 
(de  900  g  A  2000  g). 


En  revanche,  les  variations  d ' accd! dracions  +  Gz  sembler.t  poser  un  probldmc 
plus  s4rieux  au  systdme  do  coni  role  mcieur  de  la  tete.  I.cs  dnnndes  rccueil ] ics  lors 
des  diff4rentes  campagnes  d'essai,  ainsi  que  d'autres  provenant  d'dtudes  complcirentai  res 
non  prAsentdes  ici,  convergent  sur  ce  point  avec  des  observations  beaucoup  plus 
fonaamenta les  effectudes  par  viVTAhl  et  BF.RTHOZ  (10).  En  utilisant  des  forces  de  faible 
amplitude  appliqudes  dans  le  plan  saggital  do  la  tete  avee  un  domaine  do  fr4quence 
trds  large,  jusqu'A  20  Hz,  ces  auteurs  ont  montrd  que  la  r4ponse  biomdean ique  de  la 
tote,  lorsque  le  sujet  rdsiste  activement  A  la  force,  dtait  trds  difference  selon 
les  frdqcences.  Alors  qu'en  basSe  frequence  ll  dAveloppe  une  force  opposde  A  la 
perturbation,  loruque  la  frdquence  augmento  la  rdsistance  fair  plutot  appol  A  un 
raidissement  du  systdme  musculaire  du  cou. 

Ces  experimentations  ont,  entre  autre,  bien  montrd  qu'une  analyse  statique 
portent,  sur  les  forces  et  couples  maximaux  ddveloppds  par  la  tete  n'dtant  pas  suffisanto 
pour  retire  compte  des  plidromenes  dynamiques. 

Dc  plus,  les  observations  effectudes  A  propos  •  do  cette  experimentation 
ont  ogalemcnt  mis  en  dv.idence  que  la  prdparation  du  sujet  A  subir  la  stimulation  avait 
une  forte  influence  sur  la  rdponse  de  la  tete.  Dans  lc  memo  ordre  d’idde,  CUITTON 
a  ddmontrd  que  certains  mdeanismes  rdflexes  impliquds  dans  le  controle  raoteur  do  la 
stability  d«  la  tete  dtaient  influeneds  par  le  cont.rdle  volontaire  (3). 

Ceci  permet  d'abordcr  indiroctcmcnt  le  problems  dc  la  traumatologic 
ccrvicale  lide  aux  acc414rat  ions  •*  C-z.tes  observations  cl  iniquos,tant  en  vol,  que  dar.s 
des  situations  cuiimns  I,;  choc  a  1’cuvcrtu re  des  par«ch'>tn^f  mnntrent  que  les  problAmos 
de  traumatologic  cervicalc  apparaissent  pt df 4i.*iritiel lement  lorsque  ja  "situation  subio" 
aiffdre  de  la  "situation  attendue". 

L'ensemble  de  ces  faits  serrble  done  impliquer  que  1*. influence  d'un  certain 
niveau  de  controle  volontaire  est  ndcessaJre  pour  la  miso  au  jeu  optima le  des  mdcar.ismcs 
visant  a  stabiliser  la  position  de  la  tete.  Ceci  amenc  b  poser  lc  probldmc  des  lois 
de  pilotage  de  1'apparoil,  surtout  pour  les  avions  munis  de  comnandes  de  vol 
dlectr iques.  On  peut  se  demander  si  un  bon  nombre  de  probldmes  rencontrds  sur  certains 
avions  modernes  no  sont  pas  lids  au  fait  que  ces  lois  n'ont  pas  pris  on  compte  Jos 
provisions  ndcossaires  A  la  mise  en  jeu  correcte  des  mdcanismes  de  protection  naturals. 

CQNCLUS [QN3 


Les  rdsultats  obtenus  lors  de  ces  diffdrentes  dtudes  montrent  que 
I'exdcution  dc  mouveinent  do  tete  de  grande  amplitude  sous  fort  facteur  de  charge  est 
notablement  amdliorde  par  un  sibgo  inclind  lorsque  l'on  utilise  1' appui-tete . 

Dan.s  vp.  domalnp  d'emploi  plus  rdalistc  des  viseurs  de  casque,  on  constate 
que  le  controle  de  la  motricitd  du  cou  et  de  la  tete  compcnse  cor roctement  les  effets 
du  facteur  de  charge  stabilisd  si  l'on  se  r^fdre  aux  vitesses  naximales  des  saccades 
d 1  acquisition. 

Enfin,  les  variations  d ' accdldrat ion  sont  susceptiblos  de  perturber  la 
stability  de  la  tete  d'une  minidre  tr4s  significative.  Les  mdeanismes  impliquds  dans 
la  stabilisation  de  la  tete  4tant  notablemcn t  influeneds  par  le  controle  volontaire, 
les  lois  do  pilotage  des  appareils  munis  de  commando  de  vol  dlectriques  pourraient 
const ituer  un  point  intdresuant  A  considdrer. 
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Figure  6  :  Acquisition  d'une  cible  se  d^pla^ant  dans  le  plan  vertical  j  Mouveaent  de  la  lete 

efr*ctu4  en  condition  de  r^fdrence  4  1  G. 
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yiyirc  7  J  Acquisition  d'une  clble  «e  dlplagant  d«na  le  plan  vertical  1  «oui  3  G,  la  viteaao  initiate  de 
la  saccade  n'est  pal  nodlllle  Mia  boo  amplitude  eat  lnauf f laante . 


NECK  INJURY  PREVENTION'  POSSIBILITIES  IN  A  HIGH-G-ENV IPONME NT 
EXPERIENCES  WITH  HIGH  SUSTAINED  *G  TRAINING  OF  PILOTS  IN  THE 
GAF  I AM  HUMAN  CENTRIFUGE 


by 


SUMMARY 


V/.H.WURSIEP,  J  .  LANG  HOFF  end  E.C.BURCHARD 
GAF  Institute  of  Aerospace  Medicine 
P.O.Box  126<*  KFL,  D-8080  Fuerstenf eidbruck ,  VgST-GEHMANY 


New  venerations  of  high  perfonance  military  aircraft  are  able  to  produce  higher  G-rates  of  onset,  attain 
higher  G-levols  for  prolonged  periods  and  in  the  future  will  confront  nan  and  machine  mere  often  with  chan¬ 
ging  acceleration  peaks  than  previous  f lghter  generations  have.  These  enhanced  performance  capabilities 
will  require  additional  antl-G-protection  equipment  as  well  as  special  aducation  and  traimnr  of  pilots 
to  tolerate  nigh-G-envircnment  levels  so  they  can  fulfill  complex  tasks  during  special  inflight  conditions 
without  suffering  from  G-induced  cardiovascular,  pulft.jnary .  cerebral  ar  musculoskeletal  problems. 

Therefore  an  extensive  svudy  In  ?38  vourig  G-strean-ur.experlenced  pilot  candidates  (aged  between  19  - 
years)  of  the  CAF-Off loera ’ -Acnder.y  was  performed  within  a  period  of  23  months  (1  Oct  1985  -  1  Sen  1537) 

W'.o  participated  in  l  high-3  training  program  as  volunteers  with  more  than  1250  centrifuge  rides  partial  ¬ 
ly  up  to  *9  G,  for  3w  sec  on  the  GAF  IAM  Human  Centrifuge.  Ry  means  of  an  anonymous  questionnaire  answe¬ 
red  by  the  pilot  candidates  immediately  after  C  exposure  and  post-acceleration  check-up,  different  data 
were  obtained. 

The  intension  of  this  invest  1  rat  ion  was  maintaining  vision  ar.r.  consciousness  as  well  as  neck  injury  pre¬ 
vention  at  high  sustained  -0  levels  li.  G-unexperien^ed  pilot  candidate.  The  findings  in  our  search  for 
methods  to  protect  a  subject  under  *G„  stress  in  tr.e  human  centrifuge  from  C-induced  symptoms,  especially 
of  pctentinl  cervical  opine  problems , ’are  described. 


INTRODUCTION 

Meanwhile  there  are  obviously  many  worldwide  activities  in  the  development  of  new  life  support  systems 
to  rccuce  the  pilot’s  straining  efforts  required  to  malnt  ,.n  consc iousness  at  high  *G  stress  levels. 
High-G  air  combat  manoeuvers  with  frequent  tilting  anci  turning  of  the  pilot's  head  and  neck  lead  tc  a 
significantly  increasing  stress  on  his  ccrvial  spine,  esneclnily  with  the  additional  weight  of  the  hel¬ 
met  which  is  further  increased  by  nel.r.et-mounted  displays  etc. 

Even  if  the  vertebral  spine  Is  that  portion  of  the  musculoskeletal  system  which,  sustains  the  most  severe 
stress,  it  is  the  cervical  soine  which  is  more  susceptible  to  +G_  stress- induced  lesions  or  injuries,  sin¬ 
ce  in  the  ccx*p  It -environment  the  cervical  column  Suffers  much  greater  deviations  from  the  vertical  align¬ 
ment  man  a.iv  other  part  of  tnc  vertebral  column.  It  is  also  well  known  that  column  strengtn  and  stabili¬ 
ty  is  reduced  when  flex’, an  cr  torsion  movements  set  in. 

Tr.erefore  the  flicht  surgeon  must  contact  fighter  pilots  especially  after  basic  fichtcr  r.anneuvers  so  ne 
can  •’o-’ister  complaints  or  injury  syndrot.ee.  like  muscle  pain  or  tenseness  with  painful  radiation,  r.ur.rlp 
spasms  and  motor  cr  sensory  deficits. 


MATERIAL  A '.'D  !’.L  THODS 

It  in  also  very  portant  to  evaluate  these  symptoms  in  G-exper ler.ced  pilots  or  C— unexperienced  pilot  candi¬ 
dates  during  -G7  stress  exposure  in  tne  human  centrifuge. 


~ 1 7urr  \ : 


V'.ev;  of  the  iiuran  Cer.tri fugo  at  the  GAF  Institute 
of  Aerospace  Medicine  in  /uerstonfeldbruck 


For  brat  reason  Uic  centrifu-c  rider  gc*  3  an  additional  check-up  in  tu**  psat-accelerati an  period  perfor¬ 
med  by  medical  personnel  to  find  out  i-  J-irduccd  symptoms  occured ,  i.e.  pciechlaa.  cxhuirtlon.  sweat.  no- 
tion-sLcknQ3P-3vnator.a  or  pain  of  the  vertebral  column,  tenseness,  rn-.rle  sp-gna  or  orobLen3  in  other  or¬ 
gans- 

In  spite  of  the  fact  tint  nary  pi  loti,  fail  to  sock  r.e<j‘ cal  attention  for  three  synpLomn -unless  the  inju¬ 
ries  arc  incapacitating  their  firin''  canabllKicu  -  and  fu-ther  Consider  inn  tint  o..l  >•  a  few  cases  of  cervi¬ 
cal  spine  tn.lury  resuitlnz  fren  hirrh  exposure  nave  been  documented  like  ligamentous  tears,  nucleus  uui- 
posup  hernias  or  even  vertebral  fractures.  there  are  potential  risks  oi  acute  injury  and  possibly  Ion-term 
der.enerati  ve  effects.  Ue9i«ie  tv,e  observation  of  the  pilot  by  the  flirht  3U**^eon  during  hi  -h  G-t  i  nl  nr  in 
the  CAF  TAM  Human  Centrifuge  ronilor  Lm*  biomedical  data  like  E.\C»  -w.ve ,  heart  frequency  and  other  vegetati¬ 
ve  parameters  and  beside  the  trainin'-;  of  the  pilots  by  the  instructor  to  per  for  n  excellent  ant  i-C -atr.-.  l- 
nine  nanoeuve**s  (ASC‘:i,  he  is  under  oermrnrnt  observation  and  -  if  necessary  -  the  pilot’s  attitude  and 
head  position  under  hir.n  sustained  G‘s  are  corrected  to  prevent  the  previously  mentioned  nr>ck  symnto'cs  or* 
curvica1  injuries. 

The  data  for  this  presentation  were  obtained  in  an  extensive  study  in  .733  vcun-  G-stresr.-;ncxpericn~ed  rl- 
Lot  candidates  (ated  between  13  -  2A  yra^al  of  the  CAF-Off icers ' -Academy  within  a  period  of  ?3  months 
(1  Dot  1)^3  -  1  5ep  iy371  wr-o  partic mated  in  a  high- 3  trainin'  oro^ran  as  volunteers  with  more  than  ifOC 
centrifuge  rides  partially  up  to  ♦  F  0  for  3«..  r-cc  on  the  G  Ar  IA’’  Human  Centrifuge.  Inc  reclinin'  posi¬ 
tion  of  tne  seat  of  the  centrifuge  gondola  is  only  17?  which  pcar.r.  that  G-ctrcos  acta  exclusively  011  the 
pilot's  z-ixio  (vertical  a.»is)  and  is  nut  partially  redirected  into  his  horizontal  axis  (x-a<la)  like  on 
a  hi£h  scat  back  angle  of  30°  as  realized  in  the  ?-lu  military  aircraft. 

By  means  of  an  anonymous  questionnaire  answered  by  the  oi lot  candidates  inneClately  after  G  exposure  and 
post-acceleration  check-up.  different  data  were  obtained 

They  concern: 

-  their  general  feeling  after  «C_  exposure 

-  the  effects  of  their  AGFK  with “reepant  to  G-indu:cd  visual  3yr.pt.om3 

-  possible  symptoms  of  motion  sickness  (especially  during  trio  starting-  and  stepping  phase  of  the  circu¬ 
lar  movements  of  the  centrifuge 

-  sudden  .stops  of  ihe  centrifuge  gondo'a 

-  physical  problems  of  different  organ;  includin'*,  the  vertebral  column,  and 

-  especially  the  cervical  spine. 

At  2-hcur  intervals  n  rrcup  of  3  -  **  pilot  candidates  war.  briefed  hew  10  handle  the  centrifuge  gondola,  how 
to  perform  AGStt  efficiently,  about  baoicc  of  nurnn  physiology  *nd  changes  under  *3„  strcr.3  and  about  mana¬ 
gement  of  unexpected  emergency  situations.  Then  everybody  ret  "  rides  on  the  human  centrifuge  according 
to  the  following  G-profiles:  *  3  Q.  for  15  sec  to  become  familiarised  with  the  centrifuge  and  the  effects 
of  G-forcen.  Thin  was  followed  by  an  evaluation  of  the  individual's  natural  G-tolcrancc  value  (his  visual 
endpoint)  first  without  and  then  during  the  performance  of  r.GSM.  Fly  getting  the  difference  between  both 
value?  the  amount  of  the  individual's  personal  increase  in  G-tolerance  by  ACSM  vn;  determined.  Tuai  every 
pilot  candidate  was  subjected  to  3  peak  profiles  consistin'*  of  -  3  G.  for  15  tec.  *  2  G_^  for  15  sec, 

*  j  C  for  30  sec  -  followed  bv  *  2  G  for  30  ace  -  and  finii’v  ♦  7  (i  for  15  sec. 

2  2  Z 

—  Combined  Training  Step  Proille  (3  —  5  —  7  Gj) 

—  KTANAG  3827  :  Minimum  requirements  tor  selection, 
training  and  employment  of  aircrew 
in  higti  sustained  "G"  enviroment 


—  Anti-G  Maneuvers 

—  Anti-G  Suit:  on 


10  20  30  40  50  60  70~80  90  100  110  120  130 

time  Csl 


F i gure  ?: 

All  these  G-profileu  were  applied  by  the  computer  in  passive  mode  for  the  trainees.  The  la3t  profile  was 
apniiPd  \n  active  mode.  This  means  they  followed  the  G-proflle  presented  on  a  scope  in  front  of  tnetr.  which 
consisted  of  2  peaks  with  ♦  5  C  by  moving  the  stick.  Those  pilot  candidates  who  rclssed  the  first  chance 
were  given  a  second  one.  Those  who  did  the  centrifuge  runs  during  the  first  tesu  period  successfully  were 
also  centrifuged  a  second  time  to  find  out  if  they  could  tolerate  *  8  G  for  30  sec. 

F.very  trainee  was  dressed  with  his  personal  flying  suit  and  with  an  antf-G-suit  consisting  of  b  bladders. 
Tney  were  pressurized  automatically  at  ♦  2,2  G  aLready.  There  was  voice  contact  via  ear  phones  from  the 
control  rocra  to  the  centrifuge  rider,  who  did  Sot  wear  a  flying  helmet.  It  was  necessary  that  he  always 
maintained  an  upright  position  on  the  17°  back  angle  seal  and  did  not  perform  any  head  or  body  movements 
during  *G^  stress  to  prevent  Injuries  of  his  cervical  spine. 


If.  \ 


RESULTS  AND  DXSCL'SSIOH 

Of  a  total  of  23C  pilot  candidates  166  pilot  candidatea  or  69.75  %  were  successful  In  C-trainin*:  And  ful¬ 
filled  the  minimum  requirements  of  the  NATO  standardisation  agreement,  the  STAtlAG  38?7  (Minimum  Require¬ 
ments  for  Selection,  Training  end  Employment  Aircrew  in  ]>t«*h  Sustained  "G"  Environment  (effective  ns  cf 
July  7,  1991))  by  tolerating  ♦  7  c.  for  16  sec  already  In  the  first  tool  period.  This  nc  ins  that  7 ?  pilot 
cardldates  (30.25  *)  failed.  Out  of  this  n»‘eup  which  missed  the  aim  (?C.?6  7.  or  all  tested)  the~r  were  ? 
pilot  candidates  (0.84  %  or  the  Lotal)  who  took  3  second  chance  voluntarily  and  net  the  ST A" AG  ?S2?  re¬ 
quirement  . 

This  neons  that  a  total  of  1 63  pilot  candidates  or  7G.59  %  of  the  total  number  finally  wore  su .cessfui . 
There  were  also  35  pilot  candidates  (14,71  It  of  the  total) or  2C.03  %  who  oeion-nd  to  the  successful  "roup 
(70.53  *t>  who  to.  k  a  second  try  on  the  centrifuge  and  tolerated  *  8  for  30  sec. 


Number  ot  SubjwcU  (Pilot  Candidate)  in— ting  minimum 
STANAG  3427 

Raryilrgruants  in  gglaUon  lo  Total  Number  ol  Subjacta  t»»lad 


100  %  (238) 


29  41  %|70) 
(BilOd 


084  %(2) 

were  successful  alter 
a  second  test  period 

69  75  (“«>)<  l66l 


were  successful  already 
in  the  firs)  test  period 


by  tolerating 
•*  7  G?  tor  it  sec 


Within  tha  finally  »ucca»itjl  group; 


70  59  %  (168) 

55  88  °.o  (133) 

o>d  noi  accept  a  second  test  penod  offered 
In  toleiaie  «  BG;  tor  3Q  sec 


Pw 

KsKKW&SS  were  successful  m  a  suco’.d  test  penod 
by  tolerating  iBGz  for  30  sec 


1 3 3  pilot  candidates  (65,89  "  o!  the  total)  on  7C\  17  "  who  belonged  to  the  "roup  which  tolerated  ♦  7  G 
for  15  sec  did  not  accept  a  second  test  period  offo-rd  to  tolerate  ♦  S  G^  for-  33  rpi. 

The  average  G  tolerance  increase  by  perfo-nin^  /iGSM  was  1,6  ^  in  a-1  pilot  candidates. 

Reviewing  the  data  from  the  questionnaire  and  post-acceleration  check-up  to  the  ?3S  pilot  Candida ten  in 
the  study  there  are  several  interesting  findings. 

The  most  impressive  event  For  the  pilot  candidates  In  the  centrifuge  was  the  G-rftroas  itself,  '.vorybedy 
found  the  Influence  of  acceleration  to  be  strer-sfui.  About  70  of  th*>  can  ii  dates  had  the  feel  in*  they 
could  tolerate  it.  but  30  %  found  it  to  be  extremely  tou-rh.  During  the  centrifuge  rides  );'■  pilot  candid i- 
tes  or  55  %  of  the  total  had  no  problens.  107  pilot  candidates  or  45  %  of  all  had  so.ie  problcstf.  Tnere  we¬ 
re  71  subjects  ( 30  %  cf  tne  total)  with  various  complaints  su:h  as  sweat,  exhaustion  etc.  -a :» J  S3  many  as 
15  %  sufferec  f run  motion  sickness  symptoms  like  vertigo  and  nausea  and  within  this  rrour  ”■  ev-'r.  fror. 
vonitlng. 


100  %  (*38) 


Total  Number 
of  Subjects 


Subjects  with  Problems  during  Acceleration 
{Human  Centrifuge) 


55  %  (131) 


Subjects 

without 

Problems 


45  %  (107) 

Subjects  with  Problems 

_ _ A _ v 


30  %  (71) 


15  %  (36) 


Nausea 

Vnmitinn 


Subjects  with 
various 
Complaints 


Subjects  with 
Kinetosis- 
Symptoms 


figure  4; 


tf,  4 


Wr»  liMin.!  tu  it  nation -Induced  vegetative  aymptonp  su-*h  A:-,  vestibular  ill>i’lon?  ffl.ad''  a  Mr  impression  oti 
the  t  r.i  Inocs . 

F  spec  la'*  ly  In  the  dp.-clpr.-it  !  on  nmr>e  ?»!<  pilot  '-an.itd.ilc*'  o»-  9P  c‘  of  all  had  vcrrUllvc  .nynpt  oap . 

found  major  avmptc-s  tn  3'J-5  “  and  minor  avnrtomn  In  ^7.' j  "  compared  to  the  ncccle-at ton  ph-me  where  'C  % 

had  vestibular  Illusions  but  of  lej»a  severity.  S.b  “  had  noder.ate  and  on!v  C.''i  %  had  o!  ron  r  -viiptona. 


Subjects  having  Vegetative  Symptoms  (Vestibular  Illusions) 
during  Centrifuge  Runs  according  to  Degress  ot  Severity: 

(n  *  233  A  100  %) 

V - 90  %  (214) 


9.6%  (23)  minor  Symptoms 
10  %  (24)  { 

I  n  ^  j^4°/o(1)Miajor  Symptomsj 


57.5%(137) 

minor  Symptoms 


32.5%(77) 

major  Symptoms 


Upon  stalling  Run 


Altai  Lnd  of  Run 


F  -  cure  ‘j 


The  data  of  the  *  cun  a :  re  a  lap  revelled  th.it  tiutl  thlp  rroup  of  ?*"*  G-’-ine  ».pe  'l  qt. -c  ■  rllo*.  rmni  il.itey 

fij.s  *;  ( ."?  1 5  auljfit?)  had  a  tunr.-*l  viruen  or  .Tivyout,  9.3  "  (<?l  subjects)  had  a  sho**t  l  mien  in  *  Mi.kou* 
and  Kb  v>  (M  3ubjcdt3)  had  a  G--0-.'. 


Number  of  Subjects  with  G  lndueed  Symptoms  (visual  ot 
cerebral)  typical  during  acceleration  in  relation  to 
Number  ot  Sublects  Tested- 

100  %  (238) 


Ii  ms  also  inter  r  ir. *  to  note  tint  i*  *“  w  r  the  whole  -rou:i  (i;«  subjects)  complained  of  nun,  r.uscle 
spasms  o-  ton  penes?:.  in  the  ai'e.i  of  the  lour.*  und  upper  le-j.  in  thr*  nuscie?  of  the  Abdo:  ml  and  the  cer¬ 
vical  a-oa.  9  pilot  cartel  Id:,  tec  or  3*6  *■  Ot  the  whole  rrojp  (?*j?  subjects)  which  in  according  in  about  one 
third  of  this  affected  'voup  (2*‘<  oubjectn )  rvfortcd  rtOcK  a'fectLon. 


Number  ot  Subjects  with  musculo  »kBlal«l  Problems 


k.  5 


After  Acceleration  In  the  Human  Centrifuge: 

100  %  (238) - 


F t  ; :  • 

Fv**n  thojmh  t hn*e>  nj  n-j  ease  of  cervical  3i>in«-  injury  it  la  remarkable  that  minor  cervical  problems  cl i. »J 
oc«*u."  under  G-i  trees  up  to  *  b  0  .  despite  the  fart  that  the  trainees  were  in  an  uprieht  position,  did 
r.wl  mr  Jirirteto  an«1  d;«s  not  rove  t*ie i •*  he.-ujo  unde:*  G-loads. 


CCV.^/.O*:' 

i.  subjects  such  an  pilot  can.1  in  v„v  3  should  hive  their  first  experience  with 

C^-r,l*’rss  without  uearir**  a  "  ly l n  v  helmet.  in  an  u;r i -*ht  I'OMtion  '-n  i  with, rut  moving  their  heads 

7.  ’ucv  finoiil .1  wc.i-*  *'ie;r  flv.r.e  urlrrt  arid  novo  th^ir  head  only  after  some  initial  expcrien-  e 
w,:‘i  " G‘ r - .  "hr. refers  w-  •'eronr.end  a  simulation  of  air  cont.at  nano^uve-'s  for  pilot  candidn- 
ter.  unde-  G-lcals  at  a  later  Stare  of  C-t**a inin-r  in  the  centrifuge  to  o^evon*  cervical  spine 
inju'iea.  On’v  combat -read v  nMots  c.art i c i cat ir.cr  lo  a  hivh-G-t»\V.ntne  program  in  the  hur.ar 
centrifuge  should  wear  their  helmets  and  should  perform  routine  herd  movements  ILke  the 
“Check-six”  nanoeuver  by  looking  hack  over  their  shoulder  under  G-loada 

3.  A  seat  aavintt  a  small  back  angle  mu3t  be  recommended  even  if  the  potential  benefit  of  .an  in¬ 
creased  reclin.atlon  of  3C°  as  in  the  F—  1 6  aircraft  is  lest,  because  it  is  a  fscl  that  many 
C-experiencecJ  pilots  lean  forward  during  high-G  nanoeuvering  to  enhance  their  search  or  main¬ 
tain  si^ht  of  the  attacker  in  air  contat  situations.  This  means  that  during  those  periods 
of  hig-G  stress  their  vertebral  column  v/ill  gut  not  suprort  uy  their  3C®  rerlination  seat 

In  .in  ai-  roah.-,t  sccnvlc  under  hish  sustained  G  It  Is  uni-alistlc  for  the  pilot  not  to  move 
hi*’  head,  r’rcm  time  to  time  he  .also  lias  to  look  back  over  h:s  shoulder  "check4,  nn-.si *'• . 
most  s  t  rc a *.•  I*  j  •  situation  lor  the  cervical  spiny  under  G-fo**ces.  ?h's  rolls  fc-  an  impro- 
veaeni  of  the  purport  system  for  the  vertebral  column,  especially  for  the  cervical  c^uip- 
ner.t  '.ike  he Inet -mounted  displays  etc.  Dettcr  cervl.nl  supoort  systems  should  be  develo¬ 
per  in  i  ho  fn*  ii-r* . 

b.  tVlor  to  under.'oln<y  hia.i-G-ti  a  ininv  in  the  cent^lfuce  o»*  pullin’  hi*h  0-lo.ads  in  f'jgnt 
r>;  1  ota  should  no  tor  ou^n  a  "G-warm-ur  ’  of  their  cervical  spine  hv  strctrhimr  the  np(.< 
nuscler.  and  lacy  should  cautiously  control  their  nock  nove:ao:Us  under  . .  .Th-C-sAreas . 
Participation  in  a  rcmui.ir  n<*cx  exercise  progr  ar.  to  strength en  these  mvi-lcr  can  be  rf 
rre.it  hern  fit  and  prevent  injuries 

6.  -'in  1 1 1  v  tne  hirh  f.-fl«*htor  rilet  Should  reassume  high  G-nissions  only  craduully  after 

o-oirneed  inter ruptioni . 
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SESAME 

Le  Laboratolre  de  Physiologic-  et  de  Bioaecamquc  nsso<'ii*  a  PSA  c-t  KENaILT  dispose  de  deu\  sources  dt- 
domieea  lui  peraettant  d’apporter  une  contribution  A  la  comprehension  du  risque  or.  is  bushi  du 
gecan i Bae  dea  lesions  cervicales.  i  os  donnecs  provicnnent  : 

-  de  son  enquete  pluridiseipl inai re  concernant  lea  occupants  de  vultures  i»pliques  cm  accidents 
corporel*  qui  coaporte  sctuelleacnt  &5B9  v^hlcules  et  9789  upliques  aux  places  avant. 

-  de  375  tests  experiment aux  avec  cadavrea  :  collisions  siauleC3  frontnies  et  laterales,  chutes 
librea,  essais  avec  inpactcurs  etc... 

La  prendre  partic  sera  plus  specialeaent  axee  sur  1c  naoue  at*  lesions  ccrvicales  avec  uu  sans 
impact  direct  de  la  tete  pour  les  seuls  occupants  ceintqpt-s  lapliques  dans  dilferonts  types 
d’ accidents  roe 1b. 

La  second?  partie  concerr.era  les  easais  avec  cadavres  qui  prrmettent  une  aeilleure  comprehension  du 
■ecaniBBO  des  lesions  cervicales  grace,  not&aaent,  aux  Beuureu  de  diltercnts  j»nru»etres  physiques 
(maximum  de  1’ angle  tcte/thcrax,  vjtesse  et  acceleration  angulaire,  etc...). 


1)  LES  QCCUCAHI3  CEINIUBEHiMLLIQUL.  EN  ACCIDENTS  -SEELS 

Nous  diBtinguerons  dans  ce  qui  suit  deux  categories  de  Itaionj  cervica'es  : 

-  les  lesions  aineurea  < AI S  =  1)*  :  douleur,  contusion,  entorse  sans  aucune  aiteinte 

neurologique, 

-  Les  lesions  graves  ( A I S  ^  l)'  :  Fractures  des  vertAbres  cervicilea  avec  ou  sann  atteinte 

neurologique , 

PatBi  leo  3781  occupanta  ieintuc£s  des  places  avant  de  noire  enquete,  toutes  conf lguraLions 
d’accidents  confonduen,  on  observe  seuleaent  41  cas  de  lesions  graves  (soit  1,1  X)  et  4QU 
lesions  aineuree  (10, 5  X).  Ipu  Jeoions  tr#s  graves  (paraplegic)  aont  extreaenent  rares,  d  cas 

dont  un  aortel  sont  observes  dans  des  chocs  divers  ou  la  tete  eat  toujoura.-SeYfercient  lesej  par 
upset  direct- 

Pour  une  aeilleure  comprehension  du  risque  cervical,  nous  nous  lnteressonn  dans  cc  qui  suit  aux 
occupants  avant  subi  un  seul  choc  et  distinguons  trois  categories  de  trajectoires  pour  lea  occu¬ 
pants  :  frontale,  laterals  et  arrifcre.  En  1' absence  d’ impact  de  1b  tete,  les  so ilic 1  tat  ions  de 
la  colonne  cervicale  aeront  respect iveaent  en  hyper f lexion  frontale  ou  lateral?  et  en  hyperex- 
tenaion. 

L‘ influence  »ur  le  risque  cervical  .‘'un  impact  de  la  tete,  qui  ne  peut  que  modifier  la 
eoll icitation  du  cou  est  analyste  ainsl  que  1* influence  de  la  violence  de  la  collision. 


1.1.  firt  dal  ltlloni  ctrTlu.le,  itlon  1.  Itm  choc  (ttbletu  1) 

Avant  toute  Gtude  aur  les  seules  lesions  d»»  cou,  i>  n’eat  pas  inutile  de  pctciser  la  part 
dea  IRsiona  cervicales  par  rapport  aux  aut  'a  territoireu  corporele  pour  ces  lapliquAa  cn 
accidents  de  voiturea.  Toutes  vi teases  confondues,  on  observe  que  : 


*  AIS  :  AbraviatcJ  Injury  Beale  (voir  anuexe  1) 


-  en  choc  i  rontftl  (60  X  dea  accidents  corporeia),  la  frequence  de  lesions  du  ctm  cst  nu 

5?*ae  rang  (10,2  X)  aprda  le3  aeabrea  inf£neura  (34  X),  le  thorax  (31,5  X),  la  tele 

(31,2  X)  et  lea  aenbrta  auperieurs  (2G,7  X) . 

-  en  choc  lateral  <20  X  dee  accidents  corporels),  b,4  X  des  occupants  presentent  dee 
llaious  dn  cou,  soil  l'avant  dernier  ran*- 

-  en  choc  arrifcre  (10  X  des  accidents)  le  qou  figure  au  ler  rang  avec  2t>,l  X  de  lesions 

n  injures  et  1,31  X  de  lesions  cou  plus  sev$res.  Viennenc  en  suite  la  tete  (17,U  X)  et  la 

coloring  doraolombaire  (13,7X). 

En  ce  qui  conyerne  lee  fractures,  la  frequence  eat  de  1'ordre  de  1  x  Quel  quo  s«>it  le  t\pe 
de  choc  et  pour  ce  niveau  de  severite  de  bleasureB  tAlS  ?  2),  le  cou  bc  p)ucc  pour  les 
chocs  frontaux  et  lat6raux,  respect iveaent  aux  76  et  86  rang  avarU  et  apr6s  la  colwitne  dor- 
solosbairc.  En  cr.oc  arricrc,  oq  In  gravity  globale  do  1 'occupant  (nosbre  de  lesions  par 
occupant)  est  plus  faille  que  dans  lea  autree  chocs,  la  tete  puis  le  cou  sont  priori! ai- 
res,  mais  il  eat  vrai  que  le  choc  arricrc  ne  represent*  seulersent  qui  4  X  des  blesses 
graves  et  tu6a. 

.2.  Frequence  des  lSelong  cervicalea  aelon  le  type  de  choc 
1.2.1.  Le  choc  frontal 

Avant  tout*.*  analyse  sur  les  16oiors  cerv  i«:al  es ,  il  est  utile  J»>  p reciter  qi*e  sans 
lapse?  de  la  tet*',  on  observe  seu lament  2  can  d»-  braves  p**rt»-s  de  comi&issance 
parsi  les  1112  Ispliqucs,  il  n'existe  done  aucun  risque  Pour  la  tote  .n  absence 
d  *  ispact  et  ce,  quelle  que  suit  la  violence  de  la  collision  expnnfv  par  la  varia¬ 
tion  de  vitesse  subie  par  l'occupart  nu  coura  du  choc  (£v), 

S’agissaRt  du  cou,  la  ret  emit*  thoraeiq'ie  par  la  ceintiir*-  (qin  cre«-  parfois  d**s 
fractures  de  cotes  pour  les  plus  ages)  entrain*-  sans  ispact  d*-  la  tele,  tin  muuv,-- 
sent  d* hyper flex  ion  du  cou  qui  ptut  grnvrer  des  con* mint  vs  se  tradeiaant  duns  1  OX 
des  cas  par  des  .louleurs  d'origip-  ausc-.lo-J  i  gome n I  a  iron,  cciaoi-  l'indiqut*  1«- 
tableau  suivant.  Ce  n'ea*  qve  dans  (.■  1 5  X  *1*  s  can  q'j’une  lesion  plus  atvere  peui 
etfe  obaerv&e  (antecedents  M. 

En  can  d*  ispact  de  Is  Lett*,  la  part  des  lemon*,  -jra  vB  *  st  plus  important**  Baia 
res  to  encore  ties  faible,  inleneurv  a  3  X. 


Tableau  1 

P/»u  d’  ispact 
de  la  tete 

AIS  tete  =  0 

N  -  1112 

lapnct  di 

la  tvli* 

AIS  =  1 

fi  =  311 

AIS  tete  >2 
f.  *  103 

Lesions  du  cou 

10B 

32 

24 

AIS  cou  ^  J 

11,7  X 

10,2  X 

12,  i  X 

L6sione  graves  du 

5 

6 

5 

cou  AlG  cou  ^  2 

0,45  X 

l,y  X 

2,6  X 

Selon  les  niveaux  d’AlS  k  la  tete,  les  occupants  correspondant s  he  soul  pus  impli- 
ques  dans  des  chocs  de  teas  violence  (Figure  1).  le  biftis  <le  viol. -me  p-ejriait 
alors  expliquer  k  lui  soul  le  risque  suppleocntai rt-  do  t  rat  lures  de  vertobres  ier 
vicaies  pour  ies  cos  avec  impact  de  ia  tete.  flic  etude  pIuh  precis*  par  classic  de 
viteuae  fait  apparaitre  (tableau  2)  • 


ji.l)  avec  on  nans  impact  ric  la  te’e  .i 1  cuk- 

Qucntea  dee  lesions  tete  (en  cas  d' impart)  qui  augment  er.t  l'nrten-nt  avecr  le 
(fig. 2). 


*  Dans  une  acme  classe  de  vitesse.  un  impact  de  la  tete  n’augmcnie  pas  signili- 
cativeaent  la  frequence  de  l<*&jons  du  cou  (AIS  %,\)  nais  uugmenlc  le  r i aoue  dc 
fracturea  (AI5>2)  pour  les  chocs  eup^rieurs  d  2b  km/h. 

L* absence  de  cori elation  entre  risque  jour  le  cou  et  violence  de  choc  pour  chacun 
des  2  groupea  avec  et  sanu  ispact  a,  la  tete  (fig. 3)  est  due  a  divers  fact  curs 
tela  que  : 


-  difference  de  forme  et  de  rigldit.e  des  6l6mcnt.M  impact Ab  par  iu  tete*  t’.QiaiiT, 
planche  de  bord)  ; 

-  tolerances  interindividuelles  tr6s  differentes  ; 

-  influence  de  l'Bge  et  du  sexe  ; 

Certains  de  cea  facteurs,  itpossibleB  a  quantifier  en  acciijente  reels  pourroni 
grace  aux  easais  avec  cadavrea  etre  analyaea  avec  beaueoup  plus  de  precision  ; 


*  Test  au  X2  tlgnlf icsttf  su  seuil  de  0.05 


1*2.2.  LC  £ tOlSi.  lfllfilll 


Coiptc-tenu  dll  noibre  tree  faible  de  lesions  grftV£§  du  rou  (.<  css),  ll  n'est  pas 
possible  de  conclure  quant  a  la  gravite  ob&ervee  avec  (2  cas)  oy  241  Sf  Impact  de  la 
tete  (1  cas)  ;  on  peu»  tout  8l»pleient  noter  que  ces  iractures  de  la  colonne  corvi- 
calo  Pont  uboirvees  au-desBua  de  3U  Kn/h  de  At  et  que,  la  frequence  d’ apparition, 
des  lesions  est  plus  laportante  avey  que  flflUB  impact  do  la  tete  (difference  toute- 
foia  non  sign  if  icat ivel . 


Paa  d*  impact  tete 

I  apart  tete 

Tableau  2 

A  IS  tete  =  0 

K  =  225 

sans  fracture 
sans  perte  de 
conna  i  Fsanci* 

A 1 S  tete  =  1 
f.  s  70 

avec  fract  urc- 
et /ou  perte  de 
connai usance 

AlS  tete  ^  2 
ft  s  44 

tfoabre  de  le- 
a ions  du  cou 

AlS  cou  ^  1 

lb 

ti ,  7  X 

d 

11,7  X 

5 

11  ,  IX 

ho»brc  de  ie- 
s ions  graves 

AlS  LOU  ^  2 

1 

u:m 

1 

1,3  X 

1 

Z.3X 

L’analyae  par  clashes  de  vitesoc  donne  deB  resultata  de  ■'*ne  ordre  que  pour  1  os 
occupants  Lapliquee  en  choc  frontal,  a  iavuir  : 

-  le  risque  pour  la  tete  eBt  forteuent  lie  a  In  violence  du  clioc  alors  que  re  It: 
du  cou  (AlS  J.  1  )  ne  vane  pas  qu'il  y  ait  l apart  de  la  tete  ou  non  (hi gores  4  et 
5). 

-  pour  une  aeue  c Lasse  de  vuesae  il  n'y  a  pan  de  difference  significative  (le 
risque  pour  le  cou  avre  ou  sans  l apart  de  la  tele. 

Er  choc  lateral,  scion  la  place  de  1 ‘occupant  par  rapport  an  point  de  choc,  ue-ix 
con? i gural ions  uont  possibles  ; 

-  occupant 8  places  du  cote  oppose  an  choc  :  i'cnaenbl.-  tete-c ou- t hor«\  eg* 

dans  son  aou'enent  lateral,  pas  d’arret  par  )a  ccinture  an  niveau  d«-  la  roionn*- 
cerv icale. 

-  ocrjp.HPtB  places  du  core  du  choc  :  dans  la  quasi  tolaUt  *  drs  cas  i 'occupant 

her.effie  d’un  appui  de  l'epaule  et  du  thorax  con t re  sa  portc  adjacente  qui 
liaite  ainm  on  doplaceaent  lateral  qu:,  important  ponrrait  otrv  pre jud idahle  a 
la  coiontte  cervjeale.  lie  plus  la  vitre  lat^raic  ou  le  pied-iilivu  lit  pillar) 
oeut  reduire  I  'amplitude  du  Rcuveaent  .>  rotation  de  la  tete.  Si  l’enaeabl**  *el»'- 
tou-thorax  n’est  arretc  qne  par  la  ceinture  de  eocurite  au  niveau  du  cou  (par 
exoaple  ouverturc  de  la  porle  adjacente)  let)  lesions  peuvent  fire  severes  : 

L'ne  i apian t at. n>n_  _iny«  race  dee  ancragvo  actueis  Oar.s  aeaure  adjacent.*  a«‘ 
protection)  aiirait  certaineae.lt  dea  consequences  gravissines  pour  lea  lapliqueS 
en  choc  lateral  (l).  lies  essais  aver  cadavreB  aonl  en  cours  pour  verifier 
lf Influence  de  ceite  position  d’ancrage  sur  le  risque  pour  le  cou. 

1.2.3.  L»*  choc  arriere 

En  choc  arriere  unique,  2  cas  oeuleaent  (1,3  Xj  de  fractures  cervical*?*  sont  obser¬ 
ves.  La  diet  rib»»t  ion  dcs  rteques  pour  1c  cou  (AIS>1>  puur  les  153  ispliques  est 
indiquee  dans  le  tableau  3. 


AIS  cou  1 

<  25  ka/h 

>  2"»  Ki/h 

Ter.-  4is  =  C 

25/93 

11/34 

2b  ,9  X 

32,4  X 

Tete  Ms  ^  i 

c/M 

2/14 

16,7  X 

14,3  X 

(1)  R6ftranco  on  aitnexe. 
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Beaucoup  de  publications  ont  eu  poor  the«e  lea  lesions  du  cou  en  choc  arridre, 
nous  noufe  ii ailerons  done  au.\  conclusions  esBentielles  car  beaucoup  de  facteurs 
interv jennenL  en  choc  arnere  tela  que  la  presence  d’on  appui-teto,  la  tenue  du 
dossier  de  silge,  la  violence  du  choc(  le  sexe  dc  1’ occupant,  la  distance  tete- 
appui-tote. . . 

-  La  deterioration  du  siege  apparait  plus  perfor*ante  que  l'appui-tete  pour  la 
reduction  des  douleurs  cervicales. 

-  Cette  deterioration  obvervle  daii3  des  chocs  generaieactit  plus  severes,  qui 
autorise  des  heurts  *ineurs  de  la  tetc  peraet  par  contre  de  rlduire  la  Fre¬ 
quence  du  risque  de  douleur  rervicalc  (tableau  precedent!. 

-  L’effieacitl  do  1 ’appai-tete  est  nul  le  pour  lea  hoaaes  et  tres  faible  pour  les 
f«-»nes  dont  la  frequence  dea  douleurs  cervicales  est  proche  du  triple  d*  celle 
des  hcaaes. 

Hans  J/hypQthteic  d’un  siege  ne  ae_de  term  rant  pas,  l’appui-tete  eat  alors  indjB- 

fiyiiSftbJLe _ et  la  distance  iete/eppui-tet?  est  alore  preponderant e.  Cette  distance 

qui  uur  la  piupart  den  vrhicuiefi  actnels  est  tr.portantc  explique  certaineaent  I’ef- 
1'icacit.e  quasi  nolle  de  l'appui-tete  quand  ie  siege  est  intact.  Dea  cassis  aoiU 
actuei  lerent  cn  emirs  avec  cadavres  et  Banncomns  pour  tenter  dc  coaprendre  icy 
sol  nci  tationa  du  con  en  l'aicant  verier  la  distance  tctc/appu i -tete. 


Leux  des  21  occupants  bl eases  graveaent  a  la  colon*)?  cervicaic  ne  present ent  pas  de 
iracture  e.ai*j  des  sigm-s  dc  oouffranre  neuroiogique  (paroat licsir-) .  Flu3  de  la  aoitic  (11 
bur  1?J  dea  occupants  present  ant  dee  fractures  sont  leers  au  niveau  de  l2  ■  ieu  autrea 
fractures  se  repart  issmnt  entre  C3  et  C'7  (figure  6). 


Sans  lapse t  de  la  tele,  cmq  des  7  fractures  ae  yituent  a-i  niveau  dc  C2. 


1 . 4 .  Influence  du  jsexe  aur  la  frequence  dea  l^eigns  cervicales 

l.e  sexe  de  1 ’occupant  seable  determiner  pour  beaucoup  la  probability  d'une  attemte- 
cervit-ale.  Ainsi  dans  lee  trojs  configurations  de  choc  decrites  precedence nt .  In  frequence 
des  lesions  cervicales  t  A I S  ])  chez  la  fi-aae  est  plus  du  double  dc  celle  de  J’hoaae 

qu’il  j  ait  iapact  ou  non  de  la  tele. 

1,9  diflerence  de  morphologic  cervical*  et  de  posi t lonneaep*  reia'it  dc  1'appui  t horse  njuc 
pour-aient  expl lqucr  ceLte  plus  grande  vulnerability  d*  la  femme. 
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S'\  ajoute  qu'en  choc  Arnere,  la  aoindre  naeu<-  de  la  femme  ( en  mo/onne.’  tie  xui  permei  pas 
d?  deforser  le  (lousier  a  den  vitessoy  pour  lesquellea  ces  deformations  Be  prodyisrnt  pour 
les  hcaaes. 

2)  ESSAIS  AVfcC  CADAME3 

Dc  nombreux  essais  out  etc  realises  avec  sujet3  heaains  A  partir  de  1  & 7 j  car,  ll  etait  apparu 
rapidearnt  que  I'evalcatjon  de  la  quality  de  la  protection  offertc  aux  accidentia  de  la  route, 
par  1 'utiiisat ion  des  mannequins  de  choi ,  n'efai  .  pas  suf f i samreen t  f table,  en  raison  de  leur 
Bed  joe  re  emulation  du  comportement  huaaui  et  des  lacunea  dea  couna  i  sBancso  aur  la  tolerance 
hums  j  in*  out  chocs,  notaaacrit  i»ur  le  cou. 

I.e  Laboratnir*  de  Physiologic  et  de  Bionecanique  «ntreprit  un«*  cooperation  ebroit?  et  rynti.me 
avec  des  inytitn*/*  a4d;x.asx  bpociai  lses  Jana  lea  experimentations  e.vec  *uj*ts  tieaaina  pour 
offccluer  dea  essais  ausceptibley  de  fuurnir  lea  donnees  bioaecamquea  noceBaairea 

Une  met hodologie  trls  atricte  a  etl  mae  au  point  pour  pouvoir  interpretei  avec  auf  fisaaatn'.  c' ' 
precision  leg  reeultata  d’essais  effectula  avec  dey  cadavre©  frais  i 

enquete  Bur  les  causes  du  decla. 


■eaurea  anthropoaetnques  tree  precises, 


-  caract^naatlon  osseuae  dea  aujt-i.c  coaparativeaent  aux  vivanta, 

-  retabiisseaent  de  la  preesiop  dans  le  s>Bt£ae  vasculaire  avec  un  Liqu:de  charge  de  particules 
de  carhonne  qui  peraet  t 

.  de  reatituer  le  rfcaliaae  ic  la  dynaaique  dea  organee  internes  t«AaaeB,  raideurw,  volumes). 

.  d’ititer  Xe  "decouple. e '  du  cerveau  par  rapport  au  crhie  an  r6tabXias*nt  vine  preseion 
aoyenne  au  niveau  du  tiesu  cerebral. 

.  la  visualisation  dea  atteintes  vasculanea  (y  coapris  den  ruptures  capiliaires  c£r6braux.) 

-  retail iaseaent  de  la  preBsicn  pulaonaire  pour  une  reuse  en  position  noraale  des  vieceres 
intr&thoraciques  not&aaeDt  diaphragae  et  pouoons. 

Cette  *£thndologie  utij.'s^c  pour  In  plupart  des  cssaia  peraet  une  aeilieure  coapr^hens ion  du 
aecamace  de  differentes  lesions  :  deflexions  thoraciques  et  fractures  de  cotea,  lesions  nbdo- 
■  males  par  "EOU8~BerlnHge,,  avec  ceinture  de  security  ou  par  iapact  direct  en  choc  lateral, 
lesions  cranio-cerebrn  :es,  fractures  de  la  colonne  vert£brale  et  notaaacnt  fractures  de 
vert^bren  cervicales. 

En  choc  frontal  et  on  choc  later* de  nccbreux  eauaie  ont  et£  eftectvea  boh  dans  des  vehiculea 
couplets,  pelt  sur  catapuKe-  Les  r£uuXtats  de  cob  esaais  en  ce  qu>  concerne  le  risque  de 
fractures  cervicales  sort  d**crits  ci-dessoue. 

2,1.  Le  choc  froital 

Cent  codavrcs  po  Unri  d'utiv  ceinture  3  points  ont  ete  testae  en  choc  frontal  a  des 
vitesses  comprises  ei  lr<-  &U  et  G5  ka/n  el  pour  dea  decelerations  aoyenntB  de  10  i  25  g 
( I7g  a  50  X). 

Coaparat lveaenl,  lea  v6)uculeb  inpJ lqoea  en  accidents  reels  pour  une  *eue  clause  de 
vit.esse,  subisuen*.  des  deceit rat  ioaa  plus  faibles  (environ  13  g). 

Cette  difference  importance  de  deceleration  inf lue-t-eile  aur  le  risque  de  lracture9  cervi- 
caleB  7  Le  tableau  emvar?  indique  que,  pour  leu  essais  avec  cadavres,  on  n’obBerve  pas  de 
difference  significative  de  t inqne  pour  oeux  niveaux  de  deceleration.  Cependant  d' mitres 
conditions  d'esuuis  tel  lee  que  :  typo  de  retenue  (avec  ou  3ans  liaiteur  d’effort,  avec  ou 
sans  pretension),  uex  _*  ....  pourraient  contribuer  a  expliquer  r.e  result  at. 
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Deceleration  vehicule 

It)  h  lfi  g 

17  a  23  g 

TOTAL 

Avec  i apart 
tete 

6/)H 

33,33  X 

3/19 

1 5 ,  B  X 

9/37 

24,3  X 

Sana  mova 

tet« 

3/ 2d 

x  i 

2/25 

b,0  X 

5/63 

7  ,y  x 

Le  fait  flu'll  fly.Aa  let_s-AiilUi?-Ug  .pat  3.  le  rlmtc  dg  frartuggs  cervicales- 

pour  dee  chocs  de  violence  identique,  lea  occupants  lapliques  e:i  accidents  reels  pre3en- 
tent  oc?  rjpques  de  lesions  graves  du  cou  beaucuup  plus  faibles  ll.h  X  sans  i apart  de  ia 
tet.e,  2  ,‘i  X  avec  impact. ) . 


£&Ja^U£~RiJULj 


peut  s'expliquer  : 


par  one  plus  grande  seente  dco  inpacls  tete  en  tests  du  fa;t  de  trajectoires  tres 
axiaiev,  ce  qui  i.’est  pas  1*  cae  dans  la  major ite  dee  accidents  reels  impacts  plus 
t.angenticls  due  a  1'obJiquiie  d’un  grand  nenbre  de  t  oll  ikjohs)  . 


par  une  possible  aoindre  tolerance  de  la  colonne  cvrvicaie  chez  les  aujicts  huaams  dor.t 
la  noyenne  d’age  eat  d<  5?  one  contre  30  ans  chre  lee  acciaentes  reels  pour  ces  chocs 
tres  s^vercs. 


La  noindre  tolerance  du  thorax  pour  lea  personnea  les  pius  agees  c.  ete  verifier  dans  nvtre 
enquetc  (figure  7)  grace  a  dea  accidentes  pruteurs  de  ceintures  Iquipecu  d: aaorti Bueurs 
text  !les  ;  le  cou  p^urrait  subir  ia  »e»t-  evolution. 


En  ce  qoi  c  oncer  fie  les  lesion?  etc  ia  tete  oar  mpact.  on  note  pour  les  esaais  ou  le  ays- 
t^ae  vasculaire  du  terveau  a  ct-f  renin  en  preasion  que  lee  lesions  cervicales  apparaisscnt 
avec  et  fiaOH  16sion  ijrave  a  la  tote  : 

-  dans  3  t  ag  sur  b,  on  «.<  serve  dea  fractures  de  vertebres  cervicales  uaBociees  a  dea 
leaior.Cf  graveo  ft  la  telo  (fracture  de  la  fact;  et/ou  lesion  interne). 


dans  2  caa  sur  10,  j1  existe  des  fractures  cervicales  sana  leaion  grave  associee  a  i a 
tete. 
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O' autre  part,  sans  mp&ct  de  la  me.  aucune  lesion  du  cerveeu  ou_du  Xroac  cerebral  n'est 


2  r 2 ,  Le  choc  lateral 

42  aujets  ont  fete  utilises  dans  des  chocs  lateravix  divers  dont  la  aoitie  pour  des  reconsti¬ 
tutions  d'accidentB  rfeela  et  5  autres  pour  des  duplications  d’e&saiB  eff*ctuei  avec  volon- 
tairee  aux  U.S.A.  (eeaais  EKING  AV  s  £2  fc0/h  - aoyen  »  7  g  et  13  g). 

Aucun  de  cee  26  cadavrea  ne  prfeaenlait  des  fractures  de  vertfebrcs  cervicales  conae  dans  la 
reaUte  dea  accidents.  II  eat  vrai  que  contra) renent  au  choc  frontal  oil  la  difference 
d'age  des  2  groupes  est  tres  iaportante,  en  choc  latferal  pour  Icq  reconstitutions  d’ac- 
cldents  1 ’ age  des  eujets  utiiisfes  fetait  relativeaent  proche  de  ceiui  dee  accidentea. 

Pour  lee  16  autres  testB,  on  ne  note  qu’un  seul  cas  de  fracture  au  niveau  de  l’apophvse 
articulaire  de  C7,  aaia  lee  conditions  de  choc  fetaient  d’une  aevfente  excessive  par  rap¬ 
port  &  cel  lea  des  accidents  rfeele. 

S’agissant  des  lesions  tete,  on  observe  pour  2h  des  42  aujeta  injectes  correcteaeni ,  7  cas 
de  lfesion  du  cerveau  dont  3  aans  laoact  de  la  tete.  Pour  cob  3  caa,  on  observe  seulcaent 
un  aouv«nent  de  grande  amplitude  de  la  tete 

Certainea  lfeaionB  (aanfesie  trauaatjque  important?,  coma  blade  1  ou  11)  chez  les  accidentfes 
oil  un  lapact  sevfere  do  la  tete  est  difficileaent  possible  contre  la  vitre  laterale, 
pourraient  peut-etre  H’expliquer  ainsi  ! 


De  par  ieur  siaplicitfe,  cea  easais  peraettent  une  analyse  plus  precise  de  1’ influence  de 
different®  facteure  ;  ainsi  pour  chaque  eBcai  on  aesure  : 

-  1' angle  maximum  de  flexion  de  la  tete  par  rapport  au  thorax  : 

-  1 'acceleration  angulaire  de  la  tete  ; 

-  la  vitesse  angulaire  de  la  tete  ; 

-  le  HIC  (Head  Injury  Criterion)  ; 

L'nutopsie  detail lec  de  la  tete  et  du  con  permet  de  determiner  1’ ensemble  des  lesions  y 
coapris  cellea  du  cerveau  qui  a  fete  reaio  en  presaion. 

*  En  cc  qui  concern^  lea  Ifeaions  cervicales,  les  rfesultata  dea  deux  aerie?  d’eesaia 
(chutes  frontales  et  latferalea)  aont  lea  auivantea  ; 

.  en  chutes  frontalea,  lea  fractures  apparaiaaent  pour  des  angles  d’hyperextension 
tete/thorax  supferieura  a  65’  associfea  a  des  viteasea  angulaireB  supferieures  A 
45  rad/a  aaia  ces  fractures  nc  sont  pas  systeoat iquea  \ figure  8)  ; 

,  en  chutes  iatferales,  i)  y  a  lesion  cervic&le  au-deaaus  de  55*  d’angle  de  flexion  cl 
de  50  rad/a  de  vitease  angulaire  (figure  9). 

Cea  fracture*  ervical*  9  sun'  asaucietB  a  dea  fractur-a  et/ou  ifesicr.s  du  ccrvcao  Jems, 
tuu»  lea  cas  er.  chutes  frontales  et  dans  2  cas  sur  6  en  chutes  laieraleu. 

*  S'agiasant  des  lfeaiona  du  cerveau,  70  X  sont  silufees  au  niveau  d*i  trunc  cerebral.  Elies 
aont  associfeea  dan*  70  X  A  dea  fractures  du  crfcne  ou  de  la  race  en  chutes  frontales  et 
•euiement  dans  20  X  en  chutea  Iatferales. 

bn  HIC  de  1000  eat  considerfe  comae*  la  valeur  aaxiaun  toiferable  avant  apparition  dc 
blessurea  graves  A  la  tete,  iJ  eat  done  iritfereeaant  pour  l’enseable  de  cea  easaia  de 
comparer  cea  valeura  de  HIC  calculfea  pour  lea  caa  avec  et  ®ana  lesion  grave  A  la  tete  ; 

-  en  frontal,  les  HIC  varient  de  5 I 6  A  2351  (aoyenne  1232)  pour  lea  cas  avec  bleaanrea 
graves  et  de  692  A  2138  pour  lea  cas  de  blessurea  aineures  (aoyenne  12B2)  ; 

-  en  latferal,  lea  HIC  varient  de  641  A  1600  (aoyenne  1201)  pour  lea  cat  dc  blessurea 
graves  et  de  899  A  1665  (aoyenne  1229)  pour  lee  caa  de  blessures  aineures. 

Coapte-tenu  de  cea  rfeaultata,  la  valeur  limits  de  1000  ou  toute  autre  valeur  aeable  peu 
crfedible  pour  prfedire  I’ apparition  d'une  bias mure  grave.  Le  KIC  n'eat  done  paa  iyi 
crltfere  pertinent  A  iui  scul.  Suwlt»  aont  aiora  ie  ou  lea  critferea  pertinents  ? 


Certainenent  une  coablnaison  de  pluaieurs  paraaetres  :  HIC,  vitesse  angulaire,  accele¬ 
ration  angulaire.  Le  Laboratoire  et  plumeurs  autre9  equipee  etudient  actucileaent  1’ in¬ 
fluence  de  cea  demiera  paraaAtres.  br.c  etude  eifectuee  par  le  Laboratoire  avec  dee 
boxeuts  volontairea  aoiiti  e  que  de*  viteeaea  angulairea  de  la  tete  de  46  rad/o  (3  as)  et 
dee  acceleration*  angulaire*  de  8600  rad/a2  (3  as)  sont  acceptees  sans  aucune  altera¬ 
tion  physique  et  physiologique.  Lea  valeura  maximal es  correupondnntes  atteignen* 
46  rad/*  et  16200  rad/e2  (2,3)  (Figure  10). 

Cette  figure  deaontre  auaai  que  pour  deux  aujets  huaains  plac48  dana  un  aeae  vehicule, 
(126.1  et  126.2)  seule  1 ’ acceleration  argulaire  explique  la  lesion  cirebrale  grave  du 
126.1,  lea  HIC  proches  ne  peraett*-  ».  pat  ici  encore  une  distinction  entre  lesion  grave 
et  absence  de  14b ion. 

Lea  diff4rente  travaux  du  Laboratoir ?  ont  peraia  entre  autre  de  settre  au  point  un  con 
biofidAle  qui  4quipe  actuelleaent  le  awmequin  EUROSID  (4,5,6). 


gaHcmaioig 


Quel  que  solt  i»  type  de  choc,  le*j  fractures  graves  de  la  eolonne  ccrvicalt  sont  rnrea  dana  la 
realiti  routiere,  elic«>  ne  sont  presentee  que  pour  1,1  X  dea  accidentcs  ceintures. 


Sans  iapact  dc  la  tete,  le  risque  est  de  0,4  4  0,5  X  pour  2  X  environ  nvec  impact. 


Que  lea  Ifnions  Boient  ainfeures  cu  graves,  lea  fosses  presenlent  2  a  3  foie  plus  de  risque  do 
lesions  du  cou  que  lea  hoaacs. 


/.‘apparition  dea  lesions  -ill  coo  eat  relativeaent  independante  de  la  wtesse  ct  dc  la  decelera¬ 
tion  aoyeene  du  vehicule  au  coutb  du  choc  qu’il  >•  ait  iapact  uu  nun  dc  la  tetr.  Ces  dece¬ 
lerations  aoyennes  pour  lee  chocs  lea  plus  violenie  soul  de  I'ordre  de  16  4  18  g  (■axiom* 
posaible  A  35  g}  pour  dea  variations  de  vitesse  do  50  &  65  ka/h. 


L«b  essais  avec  cadavres  peraettent  dc  verifier  que, 


aaafl  iapact  de  la  tete,  jl  n’y  a  uas  de  14aion  du  cervenu  (co*ae  dans  la  real j to  routiere)  et 
que  le  risque  de  lesion  cervical?  grave  eet  toujoura  tree  inferieur  au  risque  observe  avee 
impact  de  la  tete  ; 


avec  impact  de  la  tete,  ces  fractures  cervicales  apparaissent  pour  dea  angles  d'hyperexten- 
sion  tete/thorax  de  I’ordre  de  60‘  aBaocifes  A  deB  vitessea  angulairee  41ev4es  50  rad/s. 


En  choc  lat4ral,  1  ’ association  de  cea  deux  meaes  critArea,  pour  des  valeurB  voi8inea  d’angle  de 
flexion  et  de  viteaee  angulaire,  d4teraine  1‘apparition  de  fractures  de  la  eolonne  cervicale. 


Violence  du  choc 


J'as  d’lapact  de  la  tete 
Kl.%  -  0 


Ispact  de  la  tete 
AJ3  >  1 


AilBUE _ l 


X&1£  :  AIS  =  1  Plate  nuperf icielle,  contusion,  douleur,  de  la  face  ou  du  crane  sans 

perte  de  connai usance. 

AIS  2  Fractures  deplacees  ou  non  dea  os  de  la  face  ou  do  crane  associ^es  ou 
non  A  des  lesions  du  cerveau  :  perte  d»  connaissancc  breve  ou 
isportante,  coma,  hesatose  soub  et  exti a-dural . . . . 


coy  :  AIS  = 


Douleur,  contusion,  entorse  du  rachis  cervical  sans  atteinte  r.eurolo- 
gique. 


AIS 


Fracture  des  apophyaes,  gcdicules,  on  corps  de  la  vertebre  cervicaie 
a*t.C  ou  sans  atteinte  neurologiqur . 


B£££S£{iCta 


(1)  Response  of  belt  restrained  subjects  in  siaulated  lateral  iapact .  (John  D.  Horach, 
Dennis  C.  Schneider,  Charles  K.  Kruell,  and  Frank  D.  Rausch)  (791005)  STAPP  19^9. 


(2)  Investigation  of  Relationhips  between  Physical  Parameters  and  Neuro-Physiulogical  Resi^nse  lu 
Head  t apace  (Contrat  DTKS-57-86-C-00037 , 
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(3)  Methodological  aspects  of  an  experimental  restarch  on  cerebral  toleranc"  on  the  basis  of 
boxers  training  Fights.  (F‘.  Chaauuard,  X.  TrosSeille,  Y.  Pi nceaai 1 le,  C.  Tarrieve). 

Laboratory  of  Physiology  and  Bioaechanics  Associated  with  Peugeot  S. A. /Renault)  1  FRANCE). 
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(5)  Head  and  .Neck  Responses  under  High  C.  Level  Lateral  Deceleration.  (F.  Bendjellal, 
C.  Tarriere,  Laboratory  of  Physiologic  and  Bioaechanics  Associated  with  Peugeot  S. A. /Renault , 
Nanterrc,  FRANCE)  (D.  Gillet.  P.  Mack,  l.R.b.A,  Aabroise  Parfc  Hopital,  Boulogne,  FRANCE) 
(F.  Guillon,  Raysond  Poincare  Hospital,  Garches,  FRANCE). 


(5)  Development  of  a  duaay  neck  For  lateral  collisions.  (F.  Bendjellal,  L'.  Gillet,  Ph.  Piout  , 
Ph-  Mack,  C.  Got,  A.  Patel,  IRO-IRBa  Raymond  Poincare  Hospital,  104  bid  R.  Poincar£  -  9238>j 
Garches,  FRANCE). 

{0.  Lest  re) i n •  C.  Tarriere,  Y.C.  Leung,  Laboratory  of  physiology  and  BioaechaniC3  I’eugeot  SA/ 
Renault,  132,  rue  des  Suisscs,  92000  Nanterre,  FKaNCE)  (ESV  1985). 
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Figure  6.  Typolngic  dos  16tiionu  cervicnlec 
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SUMMARY 

Cervical  spina  fractures,  particularly  ol  tiro  burs.  typo  duo  to  exim  compressive 
loading  of  the  spine,  have  been  s  pioblem  it,  sport  and  transpenstion.  Such  injuries 
are  usually  associated  with  a  head  first  col'ision.  in  which  tka  head  strikes  a  rigid 
surface  (e  g.,  windscreen,  dashbuaid,  etc),  with  the  neck  partially  to  fully  flexed.  A 
computet  simulation  model  has  been  developed  cs  one  means  by  which  protective 
devices  can  be  evaluated.  The  model  consists  of  two  rigid  masses  (head  and  torso), 
three  spring  elements  (dashpo'.s  and  non-f.nosr  springs)  representing  ttio  '-eck  and  the 
oompliance  of  the  ornr-.iurn  and  scalp  and  th'oe  optional  spring  elements  taken  to 
represent  the  characteristics  of  p'ciei.tYe  devices.  Cimulalions  using  tno  model,  at 
impact  velocrt-es  of  1.6  and  3.0  rr.  sec’,  suggest  that  to  maintain  cervical  spine  leads 
at  a  non-lnjurious  level  (e.g..  be'ow  2000M)  requires  a  padding  material  thickness 
incompatible  with  wearing  e  helmet. 


INTRODUCTION 

Failure  of  the  cervica1  sp'ne,  with  ascompanvirig  spinal  cord  trauma,  has  been  r opened  to  occur  in  such 
i  SCI  eational  and  sporting  activities  es  diving  into  shallow  wale:  (Tctor  and  Palm,  1981).  North  American 
football  fTorg,  1985),  and  lea  hockey  p'ator  and  Edmonds,  19S4,  1900)  and  in  motor  vehic.e  accidents 
(Heu'ke,  et.al..  1381)  The  resulting  trauma  Is  often  due  to  axial  compmssivo  loading  of  the  cervical  spine, 
with  the  neck  tla.;ed  or  partially  Faxed,  leading  to  fracture  or  IrBCture  dislocation  ai  C.,  C„  C,  (McEltraney. 
et  a!.,  1979,  Merit,  et.al.,  1978;  Valor  and  Edmonds,  1394).  Tha  nourological  dole.:  imposed  by  these 
injuries  is  significant,  with  permanent  gnadriplegis  a  frequent  outcome. 

In  aviation,  the  prubtm  of  spina'  loading  in  pilot  ejections,  due  to  accelerations  directed  upward  through 
the  seat  pan  or  through  the  sacrum,  hashes?/  studied  intensively.  Yoganandan,  st  al.  (19S7,  hava  provided 
c  comprehensive  review  of  several  spinel  models  which  have  beer,  developed  to  investigate  this  situation. 

Several  papers  have  recently  been  published  (Anderson,  1985,  Knudson,  et  a' ,  1986,  Vandcrbeck,  1938, 
and  Anton,  1967)  regarding  the  problems  of  high-G  loading  to  the  necks  ol  aircrew,  particularly  ‘nose  flying 
high  perfo-manen  aircraft.  The.  problems  encou,  itered  were  usually  related  to  soft  tissue  eno  included  such 
injuries  as  muscle  sing  ligamentous  strains  ano  their  accompanying  paio  and  disability,  as  well  as  damage 
to  notvu  tools  with  concomitant  paraeitheaa  and  discomfort.  Veriohral  fracture  in  tha  cervical  region  was 
not  reported,  f  lovwlheluss,  the  powntiat  'Or  vodabral  frar  turo,  one  to  oxisl  compression  from  crown  loading 
as  a  result  o!  contact  with  ps.’V.  of  Ilia  slrcrsft  shucturo  continues,  and  the  problems  associated  with 
prevent"'"  such  shouir.l  !■*  disci  iysed  In  this  paper  a  compute'  sirnu'ation  model  for  evaluating  the 
c  fioctivt'iioss  of  proiiictlvu  padding,  placsd  either  o; ,  the  impact  curfccc  or  within  the  crown  of  a  helmet,  w,i' 
be  presented. 


IMPACT  SIMULATIONS 

Our  concern  wttfi  axW  comprassi-rd  loading,  and  the  cervical  spine  fractures  that  fellow,  has  been 
directed  toward  an  ur iderstandirig  of  the  biomechanics  involved  and  with  tno  development  and  eval ualion  of 
strategies  for  its  prevorilion.  Out  first  efforts  involved  a  number  of  mechanical  simulations  using  a  Hybrid  ill 
head  and  neck,  inafrur.'ianted  with  a  six-axis  forco  transducer  (Denton  Electronics)  and  attached  to  a  Hybrid 
ll  tirso.  By  mounting  ths  dummy  to  e  pendulum  device,  it  was  possible  to  propel  it  into  a  fixed  barrio-,  in 
free  flight,  at  a  known  impact  velocity.  The  forces  and  moments  of  force,  recorded  at  the  transducer,  were 
digit  >.esi  and  stored  for  analysis  using  a  mie>  o-computer-bnsed  analog  to  diglel  converter  sampling  of  2500 
He  Us  ng  this  system  it  was  possible  to  vary  the  impact  anviropntont  by  fitting  the  ATD  w.th  different  hairnets 
anti  crashing  it  Into  different  impact  surfaces.  Results  obtained  from  these  simulations  (Bishop  and  Wells, 
1965)  have  been  very  ursful  in  helping  to  clarify  some  of  the  biomechanical  factors  associated  with  this  type 
of  injury 

These  studies  have  also  boon  useful  In  helping  to  clarify  the  prublems  of  maintaining  low  compressive 
forces  on  the  cervical  spine  (i  e  ,  prevention)  through  the  use  of  protective  padding,  either  on  tho  impact 
sur'aca  or  within  a  helmet.  Our  results  have  shown  that  tho  AI  D  is  decelerated  in  stages,  ratlior  than 
uniformly.  The  head,  in  striking  first,  comes  to  rest  but  the  torso  continues  to  move.  Ths  neck,  trapped 
botwoon  tho  fixod  head  ami  moving  torso,  must  then  exert  a  large  reaction  forco  in  order  to  stop  the  torso. 
If  the  energy  of  the  torso  Is  large,  the  reaction  force  exerted  by  tho  ruck  vail  likely  exceed  that  which  is 
tolerable  and  a  vertebral  tody  fracture  will  result. 


computer  simulation  mooli. 


Tho  methodology  used  in  the  mechanical  snrulalons  is  costly  and  time  intensive.  An  alternate  approach 
to  <  valuatmg  surface  and/or  helmet  padding  ogntbinaiiong  has  been  developed  (Wells,  Bishop,  and 
Stci  .nens.  1987).  I*  involYusacomputjr  simulation  model  nl  the  crash  situations  conducted  with  the  Hybrid 
III  I  aad  and  neck  Briefly,  the  f.irrr.jlnfon  mods!  consists  of  s  human  representation  striking  ti  rigid  Surface, 
head  first  (F  igure  i).  The  body  is  modelled  as  two  rigid  masses,  thohsad  (in,)  and  tho  torso  (rnj  (■«  ,  tiie 
rest  -f  the  body),  the  neur  as  two  sp  ing  elements,  and  tho  compliance  or  the  scalp  and  crarium  as  a  third 
spring  element  Throe  additional,  tut  optional,  spring  elements  are  included  to  i  spresont  tFie  characteristics 
of  pr.nte.rtrvd  devices  such  as  e.n  impact  surface  which  deflects.  padding  applied  to  the  impact  surface,  or 
helmet  padding,  etc.  Each  spring  element  induces  both  a  dashpot  and  a  nonlinoar  spiring  to  bstter  simulate 
the  nonlinear  characteristics  ot  biological  tissues  and  polymer-based  pudding  materials. 


The  force  in  any  element  is  determi  ned  from: 

F  -  k,  +  kj  (I,-l)*  +  kj  sJ  (t„  I)  (1) 

dt 

where  I,  is  an  unloaded  element  length  represen'ing  eith3r  the  p3ddmg  thickness  o-  the  length  ot  the  nock, 
k,  end  k,  ere  spring  c instants,  k,  is  a  damping  constant  ond  I  is  an  instantaneous  eiement  length.  A  variable- 
step  fourth- Older  Runge  Kutta  scheme  is  used  to  solve  the  oynamic  equations.  Ttie  integration  routine  was 
d.'vdri  by  an  iterative  bisection  solver  which  calculated  displacements  for  the  massless  neck  and  padding 
elements  This  mode'  is  similar  to  that  reported  by  Sancos,  el. a).  (1984)  but  Includes  more  neck  and  padding 
elements. 

The,  mods!  parameter  estimates  came  from  a  number  of  sources.  Axial  stiffness  of  the  Hybrid  III  neck 
was  provided  Fom  cyclic  tests  conducted  at  .13,  t.3  and  13  cm-  sec’  in  an  axial  compression  mode 
JVcNeice,  unpublished  data).  An  estimate  ot  the  effective  torso  mass  was  made  from  low  speed  (5m.sec 
')  ATC  impacts  ard  was  calculated  at  SO  C  kg.,  while  a  fun  head  mass  of  5.0  kg  was  used.  The  compliant 
properties  o!  tie  scalp  and  cranium  were  lumped  and  an  ove'ail  stiffness  was  found  by  varying  the  spring 
anq  damping  piuperiietiiiimi  tire  computer  model  response  matched  that  ol  experimental,  non  helmetedATD 
impacts  (Wells,  Bishop,  and  Stephans,  1987). 

Simulations  ere  made  by  inputting  the  velocity  of  the  collision,  tho  damping  and  elastic  parameters 
representing  the  padding  material  and  me  rna'enal  s  initial  thickness  and  its  thickness  st  the  minimum  or 
'  bottomed  out'  condition.  Tho  simulation  then  returns  the  forces  and  displacements  of  each  spring  element 
over  the  impact. 


COMPUTER  SIMULATION  RUNS 

Tho  dynamic  ''63301136  of  a  po'ymb:  -based  padding  material  depends  upon  two  factors,  namely  the 
padding's  thickness  and  its  stiffness.  The  computer  simulation  model  can  be  used  to  illustrate  ihB 
relationship  between  these  two  factors  and  the  problems  of  maintaining  the  compressive  forces  on  the  neck 
to  tolerable  levels. 

A  sei  as  of  simulations  wes  conducted  at  input  velocities  of  only  1 .8  Bnd  3.0  m  sec '  using  the  properties 
of  a  padd-ng  ma’erial  typically  founo  in  p.otective  floor  matting.  The  velocity  of  1.8  m.sac'  was  chosen 
because  it  was  the  velocity  used  in  the  mechanical  simulations  aid  3.0  rn.sec’  was  selected  because  it 
represents  the  threshold  of  certain  injury  'o  the  unprotected  cervical  spine  (McEIhuney,  et.ak,  1979)  The 
eterti:  and  dampirg  chat  octarislics  of  tne  material  were  determineo  by  subjecting  it  to  compressive  loading 
up  to  5000N,  using  r.  Instrcm  test  device,  and  plotting  tho  corresponding  force  deflection  cjive.  The 
parameters  to  dolma  the  curve  ot  best  fit  were  then  determined  and  used  in  the  model.  The  initial  thickness 


of  ths  malarial  was  60.0mm,  the  effective  torso  moss  was  50.0  kg  and  the  head  mass  was  5.0  kg  As  well, 
the  damping  constant  (kj  was  tailored  in  order  to  Illustrate  its  influence  on  the  resulting  compressive  forces. 


1K-.1 


RESULTS 

An  example  of  the  model  output  is  shown  in  Figure  2.  The  damping  constant  (k,)  used  was  1  6  x  1C* 
N.sec.m '  and  the  input  velocity  was  1.8  m.sec'.  Th6  peak  force  was  4.8kN  end  the  material  deflection 
output  by  the  model  was  8.0mm.  At  3.0  m.sec'  the  peak  compressive  force  was  8  2kN  with  a  deflection  of 
13.2mm  (Table  1).  Thus,  in  spite  of  its  original  thickness  (i  e.,  60.0  mm)  the  materiel  responded  dynamically 
as  being  vary  stiff,  thereby  producing  very  large  compressive  forces,  even  at  low  impact  velocities. 


Table  1  illustrates  the  mode!  response  vvnen  the  damping  constant  was  tailored  to  reduce  the  peak 
compressive  force  to  levels  below  2.0kN.  The  value  of  2.0kN  was  chosen  because  it  "epresonted  the  lowest 
load  at  which  whole  human  spines  sustained  serious  damage  during  dynamic  axial  compression  (McElhsney , 
et  Bl .  1983).  With  k,  reduced  10  fold,  the  result  an  Sm.sec '  was  a  reduction  ir,  the  peak  compressive  force 
to  only  1  9kN  (Figure  3),  and  a  material  deflection  of  59.7mm.  To  hold  the  compressive  force  below  2.0kN. 
at3.0m.sec',  a  damping  constant  of  7.5  x  10'  N.sec.m'  was  needed  and  resulted  in  a  material  deflection  of 
174.6mm.  Since  foam  padding  materials  of  this  kind  bottom  out  at  app-cximatoly  70%  of  their  original 
thickness,  this  material  would  have  to  have  an  original  thickness  of  more  than  250.0mm  to  be  effective. 

TABLE  1 

Peak  Neck  Compressive  Pomes  and  Material  Deflections  For  Simulations  Run  At  Velocities  Of 
18  and  3  0  m  sac’  With  Different  Damping  Coefficient: 


1.8  m.sec’ 


3.0  msec 1 


Peak 

Material 

Peak 

Material 

Force 

Deflection 

Force 

Deflection 

<kN) 

(mm) 

(kN) 

(mm) 

kj  =  1.6  x  10‘ 

48 

80 

82 

13.2 

k,  =  1  6  x  10’ 

19 

59.7 

3.2 

99.3 

k,  =  7.5  x  10" 

1.2 

1C5.7 

2.0 

174.7 

DISCUSSION 

The  results  generated  from  this  simulation  model  demonstrate  some  of  the  difficulty  associated  with 
preventing  cervical  spine  failure,  due  to  axial  compressive  load'ng,  by  means  of  paddeo  helmets  or  surfaces. 
To  maintain  the  forces  on  the  neck  within  tolerable  levels,  the  padding  material  must  bo  capable  ot  uniformly 
decelerating  the  hsad-neck-tcrso  system  It  must  be  soft  enough  to  deform  or  deflect  over  e  fairly  large 
distance  (6.0  -  17.5  cm)  implying  an  initial  thickness  of  8  5  -  25  0  cm.  and  yet  be  firm  enough  to  dissipate 
energy  without  bottoming.  Such  requirements  are  incompatible  with  many  sport  and  recreational  activities, 
and  are  certainly  incompatible  with  wearing  a  helmet. 

On  the  other  hand  the  model  may  be  useful  in  transportation  and  aviation  for  the  design  of  vehicular 
and/or  aircraft  interiors,  where  padded  surfaces  are  mote  readily  incorporated.  Padding  thicknesses  of  the 
magnitudes  described  here,  however,  are  likely  to  be  problematic  in  high  performance  aircraft  where 
occupant  space  is  at  a  premium. 

More  recently  some  of  the  results  of  our  material?  testing,  and  the  determination  of  the  parameters  to 
best  describe  the  force-deflection  curves  so  generated,  suggest  that  a  fourth-order  model  may  be  more 
appropriate  than  the  second -order  model  here  described.  This  and  other  refinements  to  the  model  will 
continue.  In  the  meantime,  the  most  aporopriate  preventive  strategy  appears  tc  be  the  avoidance  of 
situations  or  behaviours  which  are  likely  to  induce  axial  compressive  loading. 
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RESUME 

Les  mannequins  iont  largemeni  utilises  dans  le  cadre  de;  recherche®  sur  la  protection  du  pisaagwr 
d'automobile.  Cea  mannequin*  ont  6t6  ddveloppis  sur  les  base*  acquises  dans  le  domaine  do  la  biondcanique 
du  corps  huetin  souais  au  choc.  Le  cou  de  certains  mannequins  a  dtfi  rgalisd  da  faqop  4  presenter  uu 
comportenent  au  choc  proche  de  celui  de  I'fetre  humain. 


Dans  cette  etude  nous  nous  propoaons  d' analyser,  eo  nous  basant  sur  la  bibliographic,  la  cindmatique 
tridimensionnelle  de  la  tits  des  mannsquins  SIP,  Hybrid  III  et  EUROSID  dans  le  but  d'en  dtudier  leur 
bio£idAlit4. 


D'une  facon  gdndrale,  la  biofiddlit*  est  ■eilleuro  pour  In  choc  frontal  que  pour  le  choc  lateral. 
Ceci  s'explique  essentiell^uent  par  la  non  prise  ea  co*pte  de  la  rotation  de  la  ttte  autour  de  son  axe 
vertical  dans  le  ddvoloppement  des  mannequins. 


La  biofiddlitd  et  les  performances  des  mannequins  reposent  sur  des  bases  biomdcaniques  issues 
parfois  d'essaic  sur  cadavres.  Nous  tentons  ici  de  nous  prononcer  aur  la  validity  de  tels  essais  purs 
analyscns  les  ddveloppenents  futura  possibles. 


Nomenclature 


-  xc,  yc,  zc  :  lev  coordonnfies  du  centre  de  gravitd  du  chariot  dans  un  repdre  orthonorad  direct  avec 
x  dirigd  daps  le  sens  postdro-antdricur  du  sujet. 


-  xh,  yh,  th  :  les  coordonndes  du  centre  de  gtavitd  de  la  tdte  dans  un  repdre  ortkonormd  direct,  avec 
x  ding*  dans  le  sens  postdro-antdneur . 


-  xTl,  yTl,  zTl  :  les  eoordonndes  de  la  pramidre  vertdbre  thoracique  dans  un  repdre  orthonormd 
direct,  avec  r.  dirigd  dans  le  sens  postdro-antdneur. 


-ay  "  yh  -  yTi 


-  Cx.  <Ty ,  Ox  :  les  angles  de  rotation  de  la  t&te  autour  dee  axes  x,  y  et  z  passant  par  Tl. 


-  Fx,  Fy,  Ti  :  les  rdsultantes  des  forces  appliqudes  au  niveau  de  Tl.  aelon  x,  y,  z. 


-  Hx,ny,  Hz  :  Le*  rdsultantes  des  moments  appliques  au  niveau  de  Tl,  selon  les  axes  x,  y.  z. 

-  t  :  La  durde  du  ddplacement  de  ii  tdte. 


"  .  :  Symbolise  la  ddrivde  par  rapport  au  temps. 


1.  INTRODUCTION  : 

L'dtude  de  la  biofiddlitd  des  mannequins  existants,  passe  pat  1 'analyse  ddtaillde  et  comparative  de 
la  cindmatique  de  la  tdte  dan*  diffdrentes  configurations  de  chocs.  Lea  mannequins  qui  font  l'objet  de 
cettA  *tyde  §ont  Cdu*  ««i  nnsaddent  un  cou  ddveloprd  dans  le  but  de  presenter  me  certaine  biofiddlitd. 


Ces  mannequins  (SID.  Hybrid  III  et  EUROSID)  sont  prdsentds  succinctement  dans  le  premier  paragraph*. 
Dans  les  deux  paragrt  hea  suivanta.  nous  prdsentons  les  tests  bioadcaciques  it  la*  easais  mannequins  de 
divers  auteur* ,  en  di^tinguant  le  choc  frontal  et  le  choc  latdrai.  Dan*  le  quatridme  paragraph*,  nou* 
dvoquons  la  question  des  critdres  de  toldrance  et  les  poasihilitd*  de  ddtecter  lea  limites  de  tolerance  au 
moyen  des  mannequins.  Les  deux  deroiers  paragraph**  sont  conaacrds  respect iveeent  aux  probldmes  posts  par 
I'origin*  ct  la  fiafcilitt  des  donndes  iiomdcaaiques,  et  aux  dtveloppementi  futurs  das  mannequins  et  des 
procedure*  d'essai. 


2.  PRESENTATIOM  HES  KAHNEQUINS 


HtfBBID  III 

Ct  naanequin  de  choc  frontal  act  it  dernier  nd  dt  plusieors  gAnArations  de  mannequins  dAveloppAa  au:r 
USA  dan*  le  cadre  dea  recherche*  sur  It  protection  des  passagers  d 1  automobile*  (1,2).  Le  cou  de  1 'Hybrid 
III  a  AtA  concu  dans  un  souci  d 1 une  plua  grande  biofidAlitA.  II  a’agit  d'une  atructure  cylindrique  A  baae 
d'Altstoairu  at  d'annaaux  cn  aluminium.  La  coaporle^ent  di sayadtrique  an  f lexion/extenaion  a  Atd  obtenu  par 
dea  entaillaa  aaAnagAta  dans  la  partie  antArieure  du  cou  tvoir  fig.  1).  Un  cible  de  prAcontrainte  paste  par 
l'axe  du  cou  et  liaite  ainai  ses  dAforaations  en  traction  tout  en  facilitant  le  contrftle  de  aa  loi  de 
coaporteaent .  he  plus  ce  mannequin  peut  Atre  AquipA  d‘un  capteur  d«  forces  et  de  aonents  au  niveau  de  la 
jonction  occipitsle. 

SID 

L.e  aannoquin  SID  (Side  Impact  Duaay)  deatinA  4  l'Atude  du  corps  buaain  sounia  au  choc  lateral  a  lui 
aussi  At  A  dAveloppA  aux  USA.  Son  cou  ae  prAsonte  aous  la  forae  d'une  aiaple  atructure  cylindrique  dont  le 
coaporteaenc  en  flexion  eat  le  a£ae  quelle  que  soit  la  direction  du  aoaent  appliqud  (voir  fig.  2).  Ce  cou 
est  identique  au  cou  de  la  Pari  572  et  n'a  pas  AtA  rAalisA  dans  le  but  d'obtenir  une  bonne  biofidAlitA. 

EUROS ID 

A  1 ’engine  de  ce  mannequin  de  choc  latAral,  nous  trouvons  diffArents  pays  de  la  CoaaunautA 
EuropAenne,  d'oO  sa  dAnoamation  :  European  Side  Impact  Duaay.  Son  cou  a  AtA  dAveloppA  «u  aein  dea 
laboratoires  de  1 'Association  Peugeot -Renault  0,4).  II  ae  aubdivise  en  trois  parties  :  la  jonction 
cou/thorax.  l’interface  tAte/cou  et  la  partie  centrale  rAaliaAe  en  AlastoaAre  (voir  fig.  3).  Dana  cette 
configuration,  le  cou  peraet  de  aoduler  la  rotation  tAte/cou  et  cou/thorax,  rend  possible  une  translation 
pure  dans  la  preniAre  partie  du  aouveaent  et  provoque  uDe  torsion  du  cou  coabinAe  av#c  la  flexion  latArale. 

3.  LE  CHOC  FR0N7AL 

Cette  configuration  du  choc  est  la  plus  frAquente  et  e’eat  elle  aussi  qui  a  fait  l'objet  du  plus 
grand  noabre  de  travaux.  I.es  pnneipaux  &ut<  urs  qui  sent  4  l'origine  des  donnAes  bioaAcaniques  sur  le  cou 
en  choc  frontal  sont  H.J.  HERTZ,  R.F.  NEATK5RY  et  C.C,  CULVER  (5,  6).  Ce*  travaux  aenAs  aur  des  volontaires 
vont  Atre  coaparAs  tux  tests  effectuAs  avec  les  aannequins  HYBRID  III  (7,  8,  9)  et  EUR05ID  (8)  par  J.K. 
rOSTER  et  al,  N.R.  ALEH  et  il  et  F.  BENDJELLAL  et  al. 


L’esaai  de  choc  frontal  consiste  4  dAcAlArer  un  chariot  sur  lequel  eat  assia  et  ceinturA  le  sujet 
d'essai.  La  description  dAtullAe  de  la  position  du  aujet  eat  dennde  An  rACArence  (8).  Lea  valeura  d'entrAe 
qui  caractArisent  la  sAvAritA  du  choc  subi  sont  la  vitesse  at  la  dAcAlAration  du  chariot  ou  la  dAcAlAration 
de  la  preaiAre  vertAbre  thoracique.  Les  paraaAtres  de  sortie  qui  dAcrivent  le  coaportoaent  du  cou  sont  la 
position,  la  vitesse,  1 ' accAlAration  et  la  position  angulaiire  de  la  tAte,  la  durAe  du  aouveaent  de  la  tAte 
et  les  AlAaents  de  rAduction  au  niveau  du  cou  du  toraeur  dea  efforts  appliquAs  A  la  tAte  (forces  et  moments 
transnis  par  le  cou). 


Un  deuxiAae  type  de  donnAes,  issues  d'une  autre  procAdure  d'essai,  sont  les  courbes  donnant  le  aoaent 
Hy  en  fonction  de  1  'angle  de  flexion  ou  d'extenaion  *  oy.  Ce s  courbes  *ont  obtenues  *oit  par  aiae  en  charge 
de  la  tAte,  le  sujet  restant  immobile,  soit  directeaent  4  l'aide  de  capteurs  de  Moments  pour  les 
mannequins. 


Outre  le  capteur  "A-  axes"  donnant  les  force*  et  les  moments  au  niveau  de  la  jonction  tAte/cou  les 
mannequins  sont  pourvua  d'un  accAlAroaAtre  aonoaxial  au  niveau  de  la  preaiAre  vertAbre  thoracique  et  d'un 
tnaxial  au  niveau  du  centre  de  gravite  «te  la  tete.  Enrin  i'essai  est  enregiatrft  par  cinAaatographie  rapids 
ce  qui  donne  accAa  aux  paraaAtres  de  positions  angulaires. 


Les  donnAes  bioaAcaniques  du  tableau  1  sont  issues  des  rAtAreuces  (?)  (6)  et  (9).  Ces  donnAes  font 
relativeaent  incoaplAtes  dans  la  aesurc  od  aucun  paraaAtre  n'est  eystAamtiqueaent  aeotionnA.  De  plus,  au 
niveau  des  efforts  appliquAs,  aucune  docnAe  bioaAcanique  n'est  disponihle. 


Pour  les  essais  asnAs  sui  1#  aannequin  HYBRID  III,  il  manque  souvent  les  conditions  d'entrAe,  ce  qui 
empAche  toute  coaparsison  entre  les  diffArents  easais.  £n  rAfArence  (8),  cepondaut.  nous  obsarvona  une 
sArie  d'essai*  4  sAvAritA  croissante  avec  un  eoregistreaent  des  divers  paraaAtres.  Nous  pouvons  observer 
que  les  angles  de  flexion  maximum  enregistrAa  correspondent  aux  valeurs  donnAes  par  les  volontaires.  En 
rACArence  (3),  des  te&ts  coapsratifs  oat  montrA  que  l'HYBRID  III  a  un  coapaiteaent  prorbe  de  celui  du 
volontaire  en  ce  qui  concerne  le  dAplaceaent  postAro-ant Aiieur  de  la  tAte  et  1 'accAlAration  de  ce  aouveaont 
(xh  el  jib) . 


Le  ir.  EUROS ID  a  fait  I'cb*.  st  d'un  plus  lisitA  de  tests  configu ratio**  do  choc 

frontal.  Le*  observations  faites  contorted  notre  attente  puiaque  lea  valeura  enregiatrAea  a'Aloignept 
notableaent  de  celles  Aaanant  dea  volontaires. 


Loraque  la  charge  est  directeaeot  appliquAe  4  in  tAte  ,  la  "loi  de  coaporteaent"  du  cou  peut  Atre 
approebee  par  la  courbe  donnant  le  moment  en  fonction  do  la  position  •ngulaire  do  la  tAte.  Cea  courbes  H  ■ 
f(0?  an  flexion  et  en  extension  sont  donnAea  eu  figure  4  et  5.  nous  y  euporposona  les  rAanltata  relatifa  4 


Vue  du  mannequin  SJD 


Fig.  3a  :  Vue  du  mannequin  KURDS  ID 


Fip.  3b  :  Vue  en  coupe  du  cou  du 
■annequin  EUROS1D 


1 " HYBRID  III  donnds  par  FOSTER  (7)  aux  rdsultats  de  volontaires  rapportdt  par  HERTi  (5}  et  PATRICE  (18) 
sous  la  forme  de  corridors.  L'observatian  qua  nous  pouvons  fair*  est  qua  1’ HYBRID  It  presents  une  bonn# 
biofddilitd  quant  aux  courbes  H  “  f  (0)  . 


Las  conclusion*  qua  nous  pouvons  tirer  do  eette  analya*  tout  qVll  y  a  d '  xsportanta*  lacunas  au 
niveau  da*  donndes  bioadcaniques  at  qua  da  tout®  Evidence  l'EUROSID  est  peu  biotiddle  an  configuration  da 
cboc  frontal. 


Pour  la  mannequin  EYBRID  111,  las  parfo.sances  sent  asilleura*  puisqu'il  raproduit  coDvenablement 
1’ angle  d«  flexion  twt  chariot  aiusx  qua  Us  courbas  Ny  »  t{Cfy)  sans,  toutefoie,  que  1' aspect 
dyntaique  da  cat  courbas  ce  soit  epdeifid.  Relstivesent  aux  xutres  parasitres,  tale  qua  lea  forces  at  Us 
moments  ddveloypd#  au  cours  d'un  etssi,  11  cat  aujourd'hui  difficile  d'affirsei  qua  1' HYBRID  HI  prdsente 
ou  non  una  boon*  biofiddlitd. 


4.  LX  CHOC  LATERAL 

Cast  4  partir  das  anndes  1080  qua  la  recherche  dans  It  doaaine  de  la  protection  des  occupants  de 
vdbiculea  a  attach^  une  importance  considerable  au  choc  lateral.  Lea  dtudes  biomdeaniques  ont  dtd 
effectives  d'abord  sur  das  volontaires  par  EVING  et  al  (10)  et  par  VI5HAN5  et  SPFHNY  (11)  puis  sur  des 
volontaires  at  dea  cadavr«s  pax  KERTZ  (12)  et  GENDJELLAL  at  al  (13).  Cas  essais  mends  paral ldlement  vur  dcs 
volontaires  at  dcs  cadavres  ont  obligd  lea  chercheurs  4  distioguer  deux  niveaux  de  sdvdritd  des  chocs:  Us 
cbocs  moddrda  (H)  at  les  chocs  advdres  (5).  Les  dtudes  consacrdes  au  aannequin  SID  et  EUROS ID  que  nous 
aurons  1 'occasion  d'analyser  sont  issues  d?s  rdfdrences  (6),  (13),  (14),  (15),  (16),  (17).  Au  cours  d'ur. 
test  da  choc  lmtdral,  le  sujet  est  assia  et  ceinturA  sur  le  chariot  qui  est  alors  sccdldrd  lentesent  puis 
ddcdldrd  ^-olon  une  loi  bicn  ddfin.le.  La  description  ddlailld*  de  la  procedure  d'essai  peut  At  re  consultde 
an  rdfdr  nee  (13).  Les  p&ramdtres  d’entrde  at  de  sortie  du  systd»e  sont  les  Bases  que  pout  le  choc  frontal, 
4  savoir.  ralatif  au  chariot,  4  la  premidre  vertdbre  thoracique  4  la  tdte  et  aux  efforts  an  prdseace. 


Tout  comae  pour  lea  sollicitations  frontales  il  exisle,  pour  le  choc  latdral,  des  essan  bacds  sur  la 
aise  en  charge  progressive  de  la  tdte  avec  enragi? trement  siaultand  du  Boaent  et  de  1a  rotation  de  la  tele 
autour  de  l’axe  antdro-postdrieur . 


L'instruaentation  des  mannequins  de  choc  latdral  consist*  Sitplement  en  des  accdldtomdtres .  l'un 
monoaxial  au  niveau  de  la  premidre  vertdbre  thoracique,  1' autre  triaxial  au  niveau  du  centre  de  gtavitd  de 
la  tdte.  L4  encore  les  angles  de  rotation  de  la  tdte  sont  donnds  par  enregistremcnt  cindmatographique 
rapide. 


Dan*  1*  tableau  n°2,  nous  consignons  les  rdsultats  qui  constituent  la  base  aes  donndqs  bio»6c*niques 
et  dea  spdeif ice.tions  ISO  isflus  des  refdrences  (6),  (13),  (14)  et  (18).  Nous  pouvons  noter  tout  d’abord  que 
les  donndes  sont  i.et.tement  plus  compldte®  que  pour  le  cboc  frontal.  De  plus,  nous  dispo.ions  pour  ies 
principaux  penalties.  de  rdsultats  relatifs  4  deux  niveau?  de  sdvdntd,  H  et  S,  correspondent 
respectivenent  aux  volontaires  et  aux  cadavret. 


Les  valeurs  relatives  aux  essais  mends  sur  le  mannequin  SID  nous  sont  proposdes  dap*  lea  documents 
rdfdrencds  (14),  (If)  et  (17).  Dans  le  tableau  n°2  nous  obsetvons  que  pour  des  chocs  de  sdvdritd  aoddrde, 
le  aouvement  de  flexion  latdrale  est  coavenablement  roproduit.  mais  que  1 ’accdldration  selon  3* axe  y  et  la 
rotation  autour  dc  l’axe  r  de  la  tdte  sont  peu  ou  pas  prises  en  compte.  Pour  les  choc*  »evdi«»,  u*.s 
differences  avec  lea  valeurs  bioidcaniques  soot  plus  accentudes  encore,  puisque  1‘ accdldration  de  la 
premidre  vertdbre  thoracique  et  dans  certains  cas  1’ angle  de  flexion  latdrale  de  la  tdte  ne  respectenl  plus 
les  specifications  ISO.  Enfin  nous  ne  disposons  d'aucun  rdsultat  relatif  aux  sollicitations  transmises  par 
le  cou  pour  la  sisiple  raison  qu'il  n'y  a  pas  da  capteurs  prdvus  4  cut  effet. 


Pour  1 ' EUROS1D,  uu  grand  nombre  de  rdsultats  sont  disponiblea  et  nous  prdsentons  au  tableau  7.  ceux 
isaus  dea  documents  (13),  (14),  (15)  et  (17).  Ce  mannequin  rdpond  convensblement  aux  spdeif icat ions  ISO 
dans  lea  configurations  de  chocs  moddrdo,  tsuf  pour  c*  qui  est  du  emplacement  vertical  de  la  tdte  et  de  son 
angle  de  rotation  autour  de  l'axe  z. 


Las  chocs  plus  advdres  sembleot  moms  bieo  appzocher  la  "rdalitd”  puisque  s’ajoutent  aux  paramdtres 
ddfaillants  citds  ci-dessuv,  1 ’ accdldration  selon  l’axe  y  de  la  tdte  et  de  la  premidre  vertebra  thoracique. 


L' EUROS ID  n'dtant  pas  pourvu  de  capteurs  d'efforts  au  niveau  du  cou,  nous  ne  disposons  d'aucun 
rdsultat  relatif  4  ces  paraaetres  au  cnuis  dee  ieevm  dw  chit  literal.  C’cst  ccrtsinencst  ce 
d’ instrumentation  qui  explique  dgalemeut  In  fait  que  nous  ne  disposons  d'aucune  eourbe  relative  aux 
aannequin*  qui  puisse  dtre  superposd*  aux  courbes  moment a -angle  de  flexioo  latdrale  rapportdt  en  figure  6. 


En  conclusion  nous  pouvona  dire  que  le  SID  prdsente  une  biofiddlitd  assez  restreinte  et  quo  1‘EUROSID 
a  up  comportement  plus  proche  des  spdeif ications  ISO.  Il  est  4  noter  cependant  que  1 'angle  de  rotation 
autour  de  l'axe  x  est  mal  approebd  quel  que  aolt  le  mannequin  considdrd.  Dsns  le  cas  de  chocs  advdres,  les 
donndes  biomdeaniques  nous  sembleot  peu  fiables  vu  le  petit  nombrs  de  tests  disponibles  et  les  fractures 
obstrvdet  sui  les  cadavres  ap>  ■*  e»sai.  Le  point  sera  discutd  ultdrieureeent.  Sur  le  plan  dynaeique,  toute 
dvaluation  de  la  biofiddlitd  dcs  mannequins  s'avdre  impossible  puisque  contraireaent  mux  cas  du  cboc 


MOMENT  ABOUT  *<EAO-N£CK  JUNCTION  I  U  rn) 


Table  2  :  Tableau  (1e  resultats  cn  choc  lateral 

Fv'f  0  :  Y.W.  HtbVLN  (19vS5' 

Mf  13  :  F.B.  BFfiDtlKLLAl-  0986) 

Ref  »4  :  Ibu  Hoc  2ij  ( t^o, j 

Rtff  :  ISO  Coe  l‘)9  <SV88) 

Ref  16  :  ISO  "t ,<•  211  ( 1988) 

Mi  17  :  iso  civ  214  (1988) 


i 


frontal  oil  noua  diaposicns  da*  effort*  dans  la  cou  do*  Mannequin*  aais  pas  d->is  J «?•  at, jets  ar.atoaj.qua*,  ici 
noun  avjna  lea  ef  Cotta  trsnati*  par  le  ecu  dec  suiefi  aaatouique*  eair  P«*  do*  *anaeqmo». 


5.  CtXTIKKS  DS  TOLERANCES 

La*  r<scherch«_  aut  la*  ftAceaiaoe*  tie  lAaion*  c*rvic*les  unt  abouti  A  del  critAre*  de  tolerance*  au 
niveau  du  cju,  qui  sont  expriav*  eu  totae*  dyntaiquia  ei  cinA*atiQue*  (6,1^20).  Au  niveau  dor  eannequina 
ce*  cr litres  deviencent  de*  liaile*  ulUrea  A  ne  pas  JApeaaer  el  let  grandeurs  physique*  qui  dAfiniaaent 
cea  mtAre*  doivent  comcituer  lea  sorties  ou  i.e*  tAeultets  d'ur  essai  dc  choc.  Le*  critArefl  ectuelleeent 
ratqnua  pour  las  ldaious  cervical**  sont  lea  eoarnt*  naxieujg  (Mr.  *■  i  120  Nu,  Hy  ■  +  1X0  Na ,  My  *  -  57  N . u) 
ot  le*  force*  Mxia>l«B  transaisen  par  lu  cou  (Ex  «  Fy  r  1  000  a  3  00b  W,  Ft  »  *  IbOON}  .  Au  niveau 
cir-eaafiqje,  le*  liaitas  euivantn*  oat  etA  fixAo*  :  OX  -  s  '0°  cy  »  7 0C,  Oy  **  -  90°,  OX  70°. 


Lc  premier  point  qu?  noun  pouvons  rejretter  o*t  qua  1  ‘instrumental ion  sctuelle  d»s  aannequxn*  ,ie 
pc  reel  paa  de  fteeuvfcr  tea  paianAtra*  at  qua,  sur  lea  aujeta  anatoaiaues.  ce*  valours  ne  sou  t  pas 
syatAagtiqueeent  calculAeo  &  parti r  de*  donnAea  cioAiatographiqucs- 


Lu  /ou'  de  vue  dcs  donnAes  bioaAcaniquna  :  1  taut  signaler  quo  lea  parae&ties  fira.it  les  critAres  l« 
oont  pa*  independent!? ,  puiaque  le  dApassette/if  Uea  Ji^ites  cir4natiquas  entrain*  le  dApaaseaent  des  Unites 
dynamquea  et  vice  versa. 


Jl  faut  renarq>‘«r  enzuite  qu'ai-cuue  liaife  dz  tolAraooe  n'est  donnAe  relativoaent  a  *z  et  que,  d'une 
<ar-n  g/ndrale  toytos  lec  Unite*  soot  do&aAes  sane  que  soient  prAcisAes  les  conditions  de  vilesses  et 
d'eccAl drat  ion*  des  eouveaents  CtudiA*. 


Enfm,  lea  entdre*  proposA*  ne  piennent 
configurations  de  flexion  rotation  (Cx  +■  ©X)  qui 


pas  en  ctrpte  le  risque  de  Idaionr  pr-v»oquAs 
*on i  pourtaut  efiectwus  en  ras  dc-  choc  latAral. 


deus  dcs 


£.  L*MIT*5  EES  DONNE SC  BIONECANJQUES 

Le*  ess hb  dr  choc*  utiliaant  des  vcloutaires  pour  l'AteHe  <?u  coaporteeeut  dynanique  ou  corps  huaain 
resteroLt,  par  nature  oec**.  des  AlAeorts  de  base  fondaaon'.aux  dans  les  doundes  bioi£caniqu*s  servant  de 
rdfdionce  A  1 '  Aiaborstton  das  Mannequins.  11  ne  faut  pa*  oublrer  cependant  que  cea  ersaic  nc  r.ous  donneiont 
p«a  de  rtaultacs  pour  lus  cboca  s^v^re*  et  ne  nous  peraettront  pas  d'nccider  aux  critircs  de  tolerances.  J)e 
pluy  nous  pouvons  r«prc.cb*»r  \  ces  teats  que  lr  aujet  souMia  au  test  n'esi  pas  repr^uunca'iif  de  la 
population  *‘ou*i*”'  au  risque  et  qu'ii  *  attend  i  subir  un  choc,  ce  qui  n  est  fas  toujour*  le  caj  dans  la 
ritliU. 


n'utiliufttion  oe  cadsvrcs  pour  la  ddteru>ination  de*  rC.->n»es  au  choc  dj  corps  hu*ain  repose  sur  do* 
bypotb<l>o*  qui  ne  gout  pas  toujour*  «ati*faiten. 


II  est  suppose  que  la  *tructure  *que;-ettiquu  du  caiavre  ne  se  trouve  pa*  ebangoe  ap-*d*  >«  eort.  Vu  la 
na*ur«  ;*2itavcafenc  ioart*  du  natdraau  os,  cede  hypothdse  senbl*  justifiee. 


II  n'en  va  p*«  de  nAee,  pai  contre  pour  la  tcuicit*  »u#culair*  et  pd« r  le*  actions  3ig**entaires  qui 
pouvont  ftodifier  notabloneu'.  le*  conditior*  iiutialea  de  l'essei.  Four  dea  lvpulsion*  br^^ea,  le  syetA^e 
neiiroiita:ic  :laire  n’est  certec  pvs  capable  ov  recrutor  lea  ronpoaants  ectilu  di*s  »upclc*.  Ce  sent  alor*  le* 
coEpuaaiits  passifr  et  le*  lipassot*  qui  interviennent  et  cette  action  eat  ''ertaitiaicent  JiffArente  *ur  le 
vr v#ot  qye  eur  lo  *ort.  Cette  ClffArenc  dana  le*  lois  de  coeporteRen1  des  articulations  r  une  influence 
significative  sur  la  zAp'xnno  de*  »ujet»,  notiaeeat  en  terwos  de  valours  exttdaes  do*  p4raaAtr^8  dynaaique*. 


De  plus,  ie*  cadavro*  testCs  et  choc  lotAial  proaontent  uouvont  des  lAsion*  graves  *oit  au  niveau  du 
cou  *tut  au  niveau  de  la  zone  4  iwpac:,  ce  qui  risque  4galeaer>t  d’altAror  1*8  rA*ult«ta, 


Enfm  et  pour  teremer,  le  cad*.vre  ne  pou~ra  jav-«i*  Aero  tcstA  qu'une  seule  foi*  et  la  diapersior  des 
propriAto*  a6cir\quc*  !**  squelette*  dos  auj«/ta  rest  era  toujour*  iaportanto  «»t  difficile  i  iutiyier  oans  le 
txsiteaiout  do*  rdsultite. 


Cot  e&aeeMe  d '  inconvAnienta  qMe  ptAscntent  1»h  teste  effectuA*  sur  des  cadnvres  doj  t  nous  teener  A 
ooua  interrogcr  *ui  la  vrliditd  dec  donnAes  LicsAcrnique*  tisAox  sur  ce  type  d'eassis. 


7.  Ct'IWTATlOKS  ElTiUAES 

paragraph*,  consairA  aux  tiieaUticaa  envisag^ables  pour  1 1  aadlioraticn  de  la  biofidAlitA  de* 
vannequiDs.  ust  aubdivitA  en  troi-.  par  lie*  co.jgaerde*  respectivueent  A  1’ aspect  bicqAcanique,  au  problAao 
das  aanri^quin*  et  eux  pro-.Adure*  d’esasaS.  Avact  t.outo  rAflexion  il  faut  dgaineoat  avoir  A  1 'esprit  lo  but 
A  attoindta,  c  cot  A  ditv  1 ’utilieatiop  du  aancoquin. 


La  pr«ai4r«  lmcaae  constat**  dans  l«s  donnAot  biomAcaniq  its  se  sit’ a  au  niveau  de  ia  determination 
des  AlAmenls  de  reduction  du  toraeur  d»fl  efforts  appliquAa  4  la  tite  *  '  cours  d’ur.  ecsai  d*  choc.  Can 
donndee,  an  urioa  de  forcti  at  dj  moments,  pourraieDt  Atr*  calculAes  aisAment  4  partir  di  1 ' onreqiscreaent 
cindaatcscrapLique  pule  couple  U«s  par  las  courhes  i^meDta  an  fonction  dee  angles  de  rotation  da  la  tAte  qui 
ronutituMi*  f-jrtamemiut  l'uax-  des  msilleoiei  caractAxistiques  du  cou. 


Dan*  un  dauxiome  temp*  le  problAae  de  la  validitA  das  tests  effectuAs  sur  cadavras  da  fra  Atre  aborl* 
4  travers  dee  c.< oca  4  sAvArit*  modArAe  corduit  paralldlement  sur  des  cidavres  at  des  volont sires.  7* 
conporteaent  du  cadavre  pouris  Acalemen'  Atre  pond£rA  an  tonclion  d'un  paramttre  relatii  4  l’action  pi3aiv« 
des  ousclea  et  da*  ligaaeats  issue  de  mo-IAla*  aathAwatiquea  de:.  lols  de  comportemer.t  At  cos  tissue. 

St  la  tanceqjn  HYBRID  111  sa^isfait  lelativemeo!  bien  aux  conditions  4  leaplir  par  un  mannequin  de 
choc  fror'ai,  lea  dAx  lilltncer.  an  configuration  tv  choc  latAral  reatant  importentes  pour  lee  mannequins 
ddveloppdH  4  cei  effet. 

Lo  plum  biofidAl*  d‘ entire  eux,  l’EUROS'D,  reproduit  effect ivement  trAs  nal  la  rotation  dc  la  tftle 
autoux  dc  son  axe  verti’Uk.  yue  l*on  peut  observer  sur  les  aujets  anatomiques.  (>»r  milieu's.  une  Evolution 
dr  ce  mannequin  eat  *n  cours  prAvoira  d.-a  ca,  taurs  d'tiforts  au  mvtau  de  son  coy,  ce  rui  donnera  acern* 
aur  forced  et  aux  sonants  transmit,  pc'-  cetre  articulation. 


l.aa  recherchea  que  nous  voarriona  envia.  ger  quant  aux  procAdures  de  test  de  biotidAlnA  des  tons 
a'oilentent  vers  l'Atude  de  la  loi  de  comport  eme't  1  •  articulation  du  cou  avec  la  cAfiajtici  dea 
par«(Atres  carauttnat iques  du  syxtAme- 


une  telle  Atude  devra  reposAe  aur  unc  procedure  d'essai  simple.  p-Acis**.,  rApAtablj,  facile  4  mettre 
en  oeuvre  el  repiAaentative  de  la  configuration  de  choc  AtudiAe.  Pour  Je  cou,  uie  Mile  upprocht 
consist  trait  4  mutt  re  en  charge  la  tAte  de  faqon  totulumer.t  contrdlAo  et  d'Atablir  les  relations  qui  lient 
la  ciiiAaatiqce  aux  paratitres  dynsmiques  du  eystAme.  Cea  fonctiona,  t»He  par  exeaple  1‘Avulution  du  moment 
en  foncticn  de  1 'angle  A  accAlAretion  euguluire  variable,  conctitucaient  les  cotAres  de  quantification  de 
la  biotidAlitA  d'un  substitut  du  co*po  humain. 


Un  eremple  pou  prAcia,  base  aur  )cs  rAsultats  du  tableau  n°r,  est  donnA  en  figure  7.  Nous  pouvons  en 
conduce  que  lc  SID  et  1‘SUROSIC  prAoentent  unc  bonne  biofidAIitA  pour  le  paramdtre  e*  au  cours  des  teats 
chariots.  si  1'on  suppose  que  les  masses  «su  mouvement  sont  proches. 


8.  CONCLUSION 

bars  un*  certain®  meuure,  la  biofidAlitA  des  aar.nqquins  diaponiLlea  pour  xes  esaais  de  chocs 
automobile  est  mccuptablc  et  cea  aubstituts  du  corps  humain  sont  largement  utilisAs  poui  I'Avaluation  de  la 
protection  dee  paatagera. 


Lem  points  sombrea  de  lcui  biofidAlitA  se  situent  bien  sur  au  niveau  de  la  rotation  dc  io  It*#*  mu tour 
de  sou  axe  vertical  en  configuration  de  choc  letdral  mais  d ' importantes  lacunas  subsistent  Agalemcnt  dans 
las  donnAes  biomAcaniques  relatives  aux  sujets  analomiques. 


I;' apprAcistion  de  la  biofidAlitd  do®  mannequins  ^u^Ae  aur  des  osaais  lourdv,  CMmpiexes  et  a^ec  un 
grand  nombro  de  ptramAtr*,*  difficiles  A  contrdier  et  pas  toujour*.  rapi^riAs  devra  dano  certains  caa 
s'orienter  vors  procedures  d'ensais  plus  lAgArei.,  plus  syBtfmatiqM^s  et  tout  aussi  procnes  des 

conditions  rAelleo  de  chocs. 
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ABSTRACT 


The  Naval  Bioriynemirs  laboratory  CNOlX  )  in  New  Orleans  has  conducted  an  extensive  research 
ptaqrom  over  the  past  yct^s  to  determine  the  head  neck  response  of  volunteer  subjects  to  inject 
acre] erat ion.  These  subjects  were  exposed  to  impacts  in  frontal,  latrrnl  and  oblique  directions. 
An  analysis  of  a  limited  number  of  fronta’  and  letriol  tests  from  o  test  senes  conducted  in  the 
lete  seventies  with  two  subjects  showed  that  the  observed  head-neck  dynamics  nan  be  described  by 
means  of  a  relatively  simple  2-pivot  analog  system. 

The  present  study  <  x tends  this  analysis  to  n  nor r  recent  NPDL  test  program  with  lu  human 
subjects.  The  database  consists  of  119  frontal,  72  lateral  and  62  nbliquc  tests.  The  research 
methodology  used  for  this  analysis  includes  a  detailed  description  of  three-dimenl xonat 
kinematics  as  well  as  load  calculation^  near  71  and  the  Occipital  condyles.  A  dnscf.pt  ion  of  this 
research  methodoJoqy  and  a  summary  of  the  major  tpst  result*  is  presented.  Specie*  attention  is 
given  to  the  influence  of  import  severity  and  impr-ct  direction  on  t tic  head-neck  dynamics.  It  is 
shown  that  e  similar  analog  system  as  proposed  earlier  fui  frontal  end  lateral  impacts,  is 
suitable  for  all  impact  directions,  lleomrt  rival  properties  of  this  analog  :»8vc*  been  deter  ..tried  b> 
means  of  newly  developed  numerical  techniques  rather  then  through  the  graphical  techniques  that 
were  used  earlier,  findings  of  this  analysis  are  diacussed  an  view  of  future  Omni -d i rect tonal 
iriEch  iical  neck  developments. 


Ifus  Stud)-  nas  preor^tod  earlier  ut  Die  19ffc  'jiAPP  bar  Clash  Ccuftirunen 
(SAt  paper  0610931 
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ABSTRACT 

Head  and  neck  mjurieo  have  been  of  particular  co.icern  to  Navy  researchers  and  have 
initiated  extensive  programs  to  adatese  head  and  neck  response  of  both  live  human 
subjects  and  human  analogues  to  crash  impact  forces.  This  concern  ha®  been  somewhat 
heightened,  as  of  late,  by  the  apparently  conflicting  operational  requi rr*n,ant a  cf  having 
canopy  penetration  a®  the  principal  method  of  ejei.tion  in  several  aircralt  prototypes, 
coupled  to  the  requirement  of  introducing  night  vision  capability  in  attack  aircraft. 

The  latter  will  most  probably  lead  to  increased  helmet  volume,  and  possibly  WLijht, 
which  increases  the  probability  of  helmet  canopy  acrylic  interaction  during  canopy 
penetration.  Increased  helmet  weight  and  center  of  gravity  shifts,  t.ogeth*.i  with 
altered  helmet  to  head  coupling,  will  certainly  change  head  and  reck  reaponuc  to  fen 
presumably  "safe”  exposure  levelB. 

In  order  to  adequately  parameterize  head  and  neck  response  ar.d  relax  e  the  gnt.Li^red 
data  to  known  living  human  subject  and  cadaver  data,  both  inertial  response  (lineai  and 
angular  accelerations)  and  load  data  (extension,  compress  ion  sheer  and  torques)  Must  be 
obtained  at  well  defined,  anatomically  correctable  point*.  A  modified  Hybrid  III  type 
head  and  neck  complex  was  developed,  ballasted  to  be  ir;  compliance  with  \*vy  generated 
head  and  neck  mass  distribution  parameters,  and  fully  inst rumented  ( inert lal  and  load 
transducers)  at  the  head  center  of  gravity  (C.G.),  occi  pita.1  condyles,  and  ban.v  of  neck 
(approximately  Tl  level).  The  fully  instrument  fed  head  and  neck  system  hao  been  utilized 
to  evaluate  various  helmet  conf igurations  and  the  effect  on  head  and  i.^ck  response  with 
changes  in  helmet  weight  sod  geometry.  Addit  ion*.'  1> ,  neclv  extension,  compreSE.  ion ,  shear 
forces  and  torques  were  obtained  during  dynamic  ejection  testa  ringing  from  0/h  to  720 
KEAS.  At  the  higher  airspeeds,  the  effects  of  aerodynamic  lift  can  be  clearly 
identified  on  the  monitored  neck  compression  -  tension  value*.  With  such  data,  injury 
modalities  and  probabilities  can  be  addressed  in  conaidtreb ly  greater  detail  than  the 
present  norm  and  the  effectiveness  of  protective  equipment  established. 

INTRODUCTION 


With  the  advent  of  rainatunzed,  sturdy,  and  reliable  six  axis  load  cells,  test 
iu4inkin  segmei't  responses  can  be  parameter  ized  beyond  tin  i  r  id  1  r  io»d  i  acceleration 
measurements  obtained.  Additionally,  load  me asurement s ,  although  directly  coi re J atable 
to  acceleration,  give  greater  insight  into  the  severity  of  xesponae,  since  compression 
and  shear  forces,  together  with  the  gen^iated  moioehts  about  selected  anatomical  point  c, 
can  be  easily  visualized  in  terras  of  biodynaraLC  injury. 

A  series  of  horizontal  accelerjtor  and  ejection  tower  tesla  have  been  completed  to 
establish  baseline  values  for  these  measures  undei  a  variety  of  initial  |v..*xtion  and 
restraint  configurations.  Additionally,  for  the  head  and  n*-ck  system,  the  sensitivity 
of  the  resulting  raef.  sored  values  to  changes  in  head  weiqht  and  center  of  gravity  was 
also  established.  (1)  This  data  can  be  interpreted  as  the  bas._  line  values  against  which 
new  helmet  conf  igui  at  ions  (such  as  night  vision)  will  be  compared  and  fret,;  which 
relative  safety  assessments  can  be  made.  This  baseline  data  l  is  the  first,  of  its  kind 
and  demonstrates  a  significantly  improved  capability  to  analyze  and  quantify  canopy 
penetration  severity  and  helmet  lift  forces  during  high  "Qn  escape. 


In  previous  program®  conducted  at  NAVA1RUKVCEN ,  state-of-the-art  manikins  (HYBRID 
II,  HYBRID  III,  VIP)  were  comparatively  tested  under  identical  experimental  protocols. 


acceleration  measures  at  the  head,  upper  thorax  and  pelvis;  6  axis  load  cells  at  the 
head/neck,  neck/lhorax  and  lumbar  spine/pc lvis  junction  for  a  total  of  36  torso 
charnels)  and  the  IIYBR1D  III  type  Manikins,  together  with  the  associated  sensor 
instrumentation  system  and  solid  state  da* a  acquisition  system  (96  channel  a;  4HByt.es  of 
memory)  were  extensively  tested  both  at  N  V/„I RPEVCoN  facilities  (ejection  tower, 
horizontal  accelerator),  up  to  46  G,  as  wi  11  ar  i light  tested  at  the  Supeisonic  Naval 
Ordnance  Research  Track  (China  Lake),  up  *o  62U  f.LAS  (2.  3,  4,  5).  This  first 
generation  of  "biof idel lc"  manikins  design  P.ed  as  bFrtl ,  are  extensively  employed  at 
NAVAIRD12VCEN  m  the  evaluation  of  bot.h  '  i on  crash  worthy  seating  systems  and 

improvements  in  both  the  head  and  neck  ay*!  »i.ns ,  4  w  well  as  the  pelvic  area  are  well 
underway.  BFMl  is  presently  the  standard  -eat  article  for  Loth  the  ejection  tower  and 
horizontal  accelerator  a^d  is  instrument fed  ai  per  figure  1. 


With  tnis  sensor  arrangement,  the  dy»aou*!  lesp^nee  of  tho  respective  segments  of 
interest  i«  completely  defined  at  location*  coi responding  to  high  incidence  of  injur}. 
Additionally,  transmission  of  up  tho  apine,  emlnstinj  from  the  pelvis  and 
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terminal  mg  at  the  lead,  can  .'lao  be  used  to  evaluate  n^al-^n  interact  ion  and  restraint 
efficacy,  since  the  three  -  d  n.er>ft  lona  1  acceleration  tltie  history  and  lelal  xvc 
di oplaceroer-t  of  the  individual  neyuents  is  known  or  can  bo  calculated.  In  moat, 
dppi  j«rat  ions ,  data  han  to  be  translated  to  other  paints  than  thoxe  directly 
xnal  k  omen*  ed ,  either  t  u  obtain  cslip.dten  of  rcaixinsea  that  cannot  be  diiect  ly  monitored 
or  as  an  independent  Allure  used  aa  a  ciosa  check  to  establish  accuracy  of  monitored 
vtlufu.  In  manikin  testa,  as  an  example,  one  might  want  to  calculate  accelerat ions  or 
torques  a  th"  head  pivot  and  only  the  head  renter  of  gravity  lCrJ)  acceleration 
measurement  u  av'  available.  Similarly,  in  the  case  of  human  runs,  monitored  ‘'head*' 
accelerations  may  have  to  be  translated  from  the  instrumentation  mounting  platforms  to 
ths  head  CO  oj  t  »\**  occipital  condyle*-,  since  one  cannot  directly  monitor  rHjpoi.soH  at 
those  locations,  body  referenced  inertial  acceleration  of  a  fniint  fixed  in  a  moving 
rigid  ixniy  is  rx)>r<  st>ed  au  a  function  of  I  ri-axui!  accelcrat  inns,  angular  rates  and 
angular  .?cci‘lr;alUMia  (yaw,  pitch,  roll)  about  the  respective  orthogonal  axes.  The 
*jenf:oi  s  selected  to  measure  these  responses  h  »ve  been  desci ibed  by  Fi  isch  tl*)hJ)  and 
cunsui  of  suhroi  mat  ur<*  linear  acre  lei  oriel  urn ,  angular  rate  »en«*oi  a  and  angular 
arc*  U’romrters.  They  >ue  at  .tl  e-of -t  hr -art  and  have  a  successful  history  of  utilization 
in  both  human  h  i  odynaru «-  lenearch  and  escape  system  and  crashworthy  seat  testing.  Their 
Itmiiat  ui  i::ed  designs  arc  ideal  for  manikin  applications  9inco  they  are  light  weight  ami 
eamly  i  n<*r»vpr»ial  «»d  into  tin*  manikin  segments  for  responne  analysis.  All  are 
conmer  c.  i  a  1 1  y  a\ a l lable ,  off  the  shell  items,  which  hav«*  been  proven  to  be  di>p<>nd.ib  l  e  , 
reunite  1  tit  1-*  or  no  n»a  i  id  en.ince  and  are  in  keeping  with  performance  capabilities  of  the 
oat  .i  acquisition.  i»toi«**v'.  and  telenet  ry  systems.  In  addLt  ion  to  tie*  inertial 
l  a  s  t  i  u  Pit  n  t  a  t  i  o  n  i  aj  x  axis  load  cells  arc  also  lnror (>orat  rd  at  the  head -‘neck .  neck  ;  t  borax 
and  lumbar  spine,  pe Ivlu  juuct  ions .  Figure  2  demonatrat.es  1  hi-  room  toted  data  in  the 
head/iieck  AtiM,  Tin*  inaxtial  j  n«t  imneni  at  ion  at  the  manikin  head  cil  (shown  «»n  the  )»ft  ) 
provides  the  angul-i’  .ind  linear  a*:cci**rat  nm  components  about  t  hi*  head  coordinate*  system 
axes.  With  tins  irilom.it  mn,  and  knowing  the  iclative  location  of  the  head  pivot  , 
tnigi.es  about  the  at  Ian*  o-occ  1  j»i  t  a  1  {primarily  a  hinge*  ■joint.)  and  at  lunt  «»-ax  i  a  I  junction 
tprimr  i'y  ^  rotat  ing  joint  about  the  odontoid  ptoccsiH1  can  be*  out  mated-  The  mix  axis 
load  cells.  measuring  f  le*i:mi,  ext  cna  ion .  lateral  bending  Moments,  shear  forces,  as  well 
an  axial  and  lalcial  compression  and  extension  loads,  provide  independent  mvuvui es  of 
the  calculated  value's.  Similar  argument  8  can  be.  made  foi  the'  in'ck  / 1  h<>t*a'<  (N>  and 
lutnbui  pelviv  junctions. 

L  .'  tC  ri!lN_  T FSTS 

Tt  i  u  itniiHual  to  \  .*i*?t  lumenl  t  ho  h«-ad  of  the*  standard  eject  ion  test  (iin.inios  (P.AHi>- 
Cii ) »  partially  due  to  the  hinged  nature  e»f  the  neck  pivot  which  restricts  he.ul  and  neck 
motion  to  the*  tnid -saggi  t  «*  l  plane*.  Traditional  dummy  thoracic  j  nut  rument  at  l  e»n  usually 
consists  of  monitoring  the  orthogonal  linear  acn  lerat  ion  ron.ponont  w .  t«_g»ihci  with  tin 
iDspyrt  lie-  angular  rates  about  these  un  s  (yaw,  pitch,  tojl).  The*  gi.w  pioposod  hi  andard 
test  manikin  (.is  per  figure  3)  « i  gr.  i  f  i-Miit  1  y  in«*icase*v  t  hr-  \  nst  rumeiit.at  ion  r  **«ju :  iemt  nt  s 
but  also  cases  data  analysis  anti  i  cmlcrH  results  cor  rrlatutle*  to  known  injury 
median  r  nets . 

Head  ami  nod.  data  fiom  a  dual  zero- zero  Ue.rn  aiisperil  ■.,.rn«  alt  ilud»-l  test  is 
shown  in  figure  4-  if  one  bad  to  roiy  solely  on  the  t  t  .id  1 1  •  ona  l  1  y  n.:i»  1 1  m  cd  inertial 
data  t  figure  4  top)  on  \  y  a  s  «>hc  wlu,t  murky  -m-ilyius  wol»lii  be  pyssjhU*.  i)i  *•  notes  that 
the  pitch  i  at  ».*  l«*t  t  bo  luiwaiu  dummy  it;  considerably  liifi'eicm  iiun  ».}».««  « *  i  ‘>111  al’l 
position  (see  event  1  at  appi<*x  ii-at  r  1  y  l7Sms),  Similar  f  Juct  uat  ions  are  evnte.it  in  tin* 
v.x  and  aei-r-loi  .it  ions.  I  tom  tins  dat  a ,  by  itself,  i'.  would  b«*  difficult  tu  .m--t'it.iiii 
whether  this  phenomena  is  dm*  to  loose  restrain'  or  dunny -crews i  at  i«»n  ip-pact.  l'i  In 
analysis  of  this  dual  ejection,  employing  canopy  f  rag  i  *.  1 1.  af  ior. ,  indicated  t  bat  in  1  li< 
foiwurd  crevut.il  i  on  location,  t  lm  helmet  did  not.  clear  the  opening  rr^-ilH  and  this 
«*ont  act  imparted  significant  pitch  j,,  the  head  and  m_*ck  system.  When  tin  r-.ivk  joint 
uti*p  v-ds  reach'd,  the  entire  dummy  Ioiro  pitched  forward  and  the  bead  broke  out 
i»d;h  t  i  on.*  I  canopy  acrylic,  enlarging  tic*  opening  originally  <*i,  at«-d,  T I  « •  "ihthi-,  f  »« 
the  ait  location  was  laige  enough  tor  the1  durimy-sc.it  combination  to  piss  ihi»»ugh.  tier, 
the  a-  ce  lcr.it  ion  dat*,  the  sevciity  oi  the  head -canopy  acrylic  impact  is  difficult  to 
pa  i  and  r*r  i  re .  as  is  the  assessment  of  .ujury  probability.  Tli*-  n*.**,k  lo„d  analysis,  hawed 
on  load  dat  j  iimnitined  ai  the  base  of  the  r»eck  iTl),  .'l-irt  l  u*s  tic*  ftirg.it  ion  and  c.,-,es 
niU‘ll'1  ititiijii  (Figure  4  bottom).  At  line  »»t  head  r  in.ipy  i*.,p.»;*t  ,  axial  c  »np  t  cS  S  *  v«* 
forces  reach  MOO  lies-;  three  times  the  magnitude  one  Would  v  xpi*ct  jwl-  I  v  from  tbc- 
C  ject  ion  forces  (aft  dummy).  The  mumeut  j'uuu!  t  h«*  pit. cl  axis  di*iv»nst  rat  ei»  the  :i,ir.u* 

•  •rdd  c*  f  nagnitud#*  difitrenci*  between  t  b«*  two  ejeition  locations.  form  t  jv  load  il.i'.i, 
svvur :»  neck  injury  m  highly  probable. 

The  nan**  insight  gamed  is  also  evident  in  a  dynamic  ejection  14^9  KKAS)  conduct  rd 
v- 1 1.  li  t.  he  instrumented  manikin  (Figure  5).  We  uvtt  that  both  manikins  in  On ,  dual 
eject -on  ordered  the  v#indsiti«*am  at  time  period  1  and  considerable  p».  ‘tinb.g  ion  is 
evident  in  t  tic-  subsequent  manikin  -Ox  acce  lr»r,i*  i  on  pc-filc.  Peak  manikin  i)i*ci'b*rat  ion 
occurs  ai  about  500ms  and  is  extremely  reprud  ib'e  in  both  manikins  (.IS- 2?  O'sj. 
Monitored  dum:itj  ner-k  leads?  luirror  this  sen  .  The  polat  il\  uf  t  tic  iu'«‘k  luads  ait* 

reversed  (p)uo  should  be  c. iiuit*  ami  minus  Ri  i  be  plu3>  fi'jt  aa  .'an  ho  n«*en  (figure  5  - 
middle)  the  compressive  (outh  during  the  c..tapul*  phase  reach  abouf  3G0  lbs  at 
approximately  125ms.  Subsequently,  both  manikins  enter  the  w- 1  ndst  ream;  the  lieads  are 
pushed  back  against  the  headbox  and  lift  forces  on  the  be  1  iv'.oJ  head  put  the  neck  into 
extension  (axial  >  reaching  approximately  400  lbw.  During  tunc  n-'t  irxl  2,  permanent  off¬ 
set  in  dummy  neck  loadu  for  the  forward  location  is  evident  .  ihi*  of 

approximately  bl)Q  lbs  is  an  anomaly  ol  the  daLa  and  does  pol  reflect  ar.  actual  change  in 
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rigure  1,  Standaidlied  Blofidelity  Manikin  Instrumentation  Consisting  of  Inertial  and  Load  Measurement  a. 


.Figure  2.  Monitored  Head  Response  Parameters  Including  Linear  and  Angular  Ac.celeiaL Ions  About  Head 
Anatomical  Coordinate  System  and  Forces  and  Momenta  About  Occipital  Condyles. 
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magnitude.  The  indicated  neck  load  values  nevt  i  do  ipt-urn  to  /oro  but  remain  off-set  at 
fOO  lbs.  Assuming  thia  rfrmjne.it  shift  in  baseline,  the  relative  change  in  neck 
extension  loads  subsequent  to  t ime  period  2  (40Ums>  agrees  well  with  that  monitored  foi 
the  aft  manikin  1400  lbu.).  It  would  appear  that  this  presumed  lift  force  (40U  lha.) 
accounts  for*  the  permanent  helmet  loss  at  high  air&fieedu  And  confirms  a  long  suspected 
m jury  modality  of  the  cervical  spine  due  to  neck  tension. 

The  moat  convincing  example  of  the  load  cell-linear  acceleration  instrumentation 
Conbinat ion  and  its  utility  in  analysing  occupant  response  during  ejection  vs  in  the 
data  obtained  from  the  transonic  (720  KRAS)  teat  conducted  wit  Is  a  fully  instrumented 
manikin.  As  will  be  noted  from  figures  b  and  7,  the  monitored  Beat  accelerations  17.  and 
K)  are  cons  latent  with  expectations  and  somewhat  higher  than  normally  momtoied  dm  ing 
scat  qualification  t-;sts.  During  the  catapult  phase  of  ejection  (from  approx.  1SU  ns  t o 
27-  ms)  the  scat  attains  approximately  15G.  (Figure  6A)  resulting  in  a  lu.nb.ii  lo^d  of 
725  lbs  (Figure  bB)  aa  measured  at  the  pelvic-flexible  lumbar  spine  interface  (ah  per 
Figure  1».  Neck  loads  (monitored  at  the  head-neck  junction  representing  the  occipital 
condyles)  also  demonstrate  a  compressive  force  of  approximately  OS  lbs  during  this  t me 
interval.  At  approximately  300  oh.  neck  forces  are  reversed  (from  compression  to 
tension)  achieving  neck  tension  loads  in  excess  of  -500  lbs  ( b igure  bC).  The  initial 
interpretation  of  this  data  could  easily  be  that  the  exhibited  neck  tension  is  due  t  .i 
aetodynamte  lift  created  by  the  airflow  over  the  he 1 noted  head.  The  500  lbn  tension 
monitored  in  in  good  agreement  with  the  400  lba  obtained  in  the  499  KFAS  tost  in  Figure 
5.  Both  high  speed  ejection  teats  indicate  that  the  neck  tensions  monitored  are 
approaching  assumed  human  tolerance  levels  (-550  lbs,  ref.  C>  and  these  results  appear 
to  veiify  the  postulated  iniury  mechanisms  associated  with  the  aerodynamic  lift 
characteristics  of  flight  helmets.  Unfortunately,  the  real  of  the  gathered  data  docs 
not  support  this  hypothesis.  Seat-catapult  separation  occurs  at  approximately  300 
(Figure  7a>,  subsequent  to  which  the  scat  underguen  considerable  anterior-pout er loi 
deceleration  (in  excess  of  -20  G„ )  and  demonstrates  a  considerable  increase  in  monitored 
inferior-superior  acceleration  (approximately  35  G.  -  Figure  6A>.  Th.s  latter  value  is 
jn  excess  of  that  anticipated  due  to  seat  rocket  ignition  and  indicates,  together  with 
the  lower  then  expected  monitored  G„  values  that  the  seat  pitched  backward;  a  fact 
confirmed  by  the  film  coverage.  The  results  of  this  seat  G_  acceleration  is  clearly 
seen  in  the  monitored  manikin  pelvic  loads  \Figure  bH) .  Consequently,  after  catapult 
separation,  one  has  the  situation  where  the  lumbar  spine  goes  into  compression 
(approximately  1800  lbs),  whereas  the  cervical  up  me  is  forced  into  tension 
(approximately  -  500  lbB). 

Further  film  analysis  indicated  that  the  helmet  came  off  the  head  while  the  seat 
was  still  on  the  rails,  and  consequently  the  maximum  monitored  neck  tension  forces  could 
net  be  solely  due  to  aerodynamic  lift  but  were  m  fact  the  result  of  the  airstrean 
coming  up  the  manikin  chest  cavity  (3incr  the  seat  had  reclined  backwards)  and 
interacting  with  the  chin.  Since  the  upper  torso  of  the  manikin  m  well  restrained, 
this  windst ream-chin  interaction  violently  rotates  the  head  backward,  forcing  it  against 
the  hcadbox,  which  precludes  any  further  head  rotation  (see  Figure  7c  for  head  -headbox 
impact).  Further  exertion  of  force  on  the  underside  of  the  chin  puts  the  neck  into 
tension  aa  seen  in  Figure  7B.  The  important  thing  to  note  ia  that  in  such  situations 
(seal  pitching  aft),  changing  the  aei  ouy  n«r.ic  lift  properties  of  the  head  and  neck 
Bystem  may  not  significantly  affect  neck  tension  experienced. 


CONCLUSION  AND  RtCOMMENDAT IONS 

From  the  data  presented,  the  overwhelming  advantages  of  the  instrumentation  scheme 
of  Figure  2  arc  quite  cleat .  This  instrumentation  scheme  will  be  the  new  standard  for 
ejection  tower  tests  conducted  at  NAVA1RDEVCEN .  At  present,  hardware  to  support  this 
instrumentation  configuration  is  being  purchased  and  data  acquisition  and  storage 
capabilities  arc  being  expanded.  This  is  anticipated  to  be  completed  shortly  and  all 
future  testing  will  utilize  the  BFMl  manikin.  BFM1  is  also  being  proposed  a^  the 
standard  dynamic  ejection  test  manikin  and  has  been  subjected  to  ejection  tests  ranging 
from  lero'zero  to  720  KEAS.  Programs  such  as  Night  Vision  Goggles  (INVS)  and  21st 
Century  Helmet  have  committed  both  resources  and  indicated  intent  to  utilize  this 
manikin  in  their  qualification  programs.  It  is  anticipated  that  other  programs  will 
foi low . 

The  utilization  of  both  inertial  and  load  sensors  greatly  enhances  the 
par ametei* izat i cn  of  the  manikin  response  to  various  acceleration  scenarios  and  enables 
robust  analyses  to  be  conducted  and  injury  mechanisms  and  probabilities  to  be 
identified.  The  load  cells  themselves,  being  integral  structural  members  of  the 
manikin,  have  been  Bhown  to  be  reliable  and  able  to  withstand  the  most  severe  escape 
condition*!  and  crashworthy  seat  environments  without  damage .  Their  full  integration 
into  the  manikin  anatomical  segments  has  been  accomplished  without,  canpromi * ing  manikin 
dimensions  or  performance  characteristics. 

Work  is  presently  underway  within  the  Navy  on  BFM2.  This  effort  maintains  both  the 
sensor  conf igurat ion  as  well  as  the  operating  characteristics  of  the  developed  data 
acquisition  and  storage  Bystem  (DASS).  although  some  repackaging  is  being  undertaken  to 
fully  integrate  portions  of  the  DASS  into  a  redesigned,  anatomically  representative, 
pelvis.  Additionally,  the  head  and  neck  system  has  also  been  modified  to  improve 
biof idelity .  Softening  of  the  neck  column  was  indicated  when  manikin  response  was 
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compared  to  live  human  response  data.  It  emit  be  pointed  out  that  reconfigured 
anatomical  segnerts  shall  be  completely  compatible  with  presently  utilized  BFMl  and 
consequently  a  one  to  one  replacement  can  be  undertaken  without  replacing  the  entire 
manikin  systems  presently  in  the  inventory. 
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Dr  Von  Gierke.  USA. 

I  have  a  question  for  Mr  Frisch  and  other  speakers,  in  connection  with  the  whole  topic  of 
our  symposium  here  on  Neck  Injury  in  Advanced  Military  Aircraft.  We  have  not  heard  much  about 
protection  3nd  protection  matters.  We  talked  a  lot  about  limits  and  how  we  might  be  able  to 
predic*  loads  on  the  neck  and  probably  give  tolerance  levels  in  the  future,  but  several  years  ago  I 
know  ths’.t  you.  George,  and  me  and  ocveral  others,  worked  on  neck  protection  sv  stems.  Inflatable 
collars  ana  similar  things  at  least  for  ejection,  and  we  haven't  heard  anything  about  this.  Has  this 
died  completely? 


Mr  Frisch,  USA. 

Quite  the  contrary,  I  thought  one  of  the  intciesting  things  about  the  data  that  we  gatherc.. 
on  both  the  low  altitude  as  well  as  the  supersonic  ejections,  was  the  head  and  neck  response. 
Much  of  the  tension  exhibited  has  in  the  past  been  attributed  primarily  to  aerodynamic  lift.  Now 
we  have  measures  available  to  us  to  evaluate  it.  If  I  was  to  design  a  very  aerodynamic  helmet  or 
inflatable  collar  it  would  not  help  you  one  iota.  That  is  the  whole  point  I  think.  We  have  been 
doing  a  lot  of  work  at  the  high  speed  end  with  more  sophisticated  mannekins  gathering  a  plethora 
of  data  to  make  sure  r uat  we  understand  what  the  response  mechanisms  are  so  that  we  can  design 
the  protective  systems  »or  the  future.  !  think  the  next  generation  of  aucraft  are  going  to  be  faster, 
they  are  going  to  be  flvinu  h ighei  and  as  an  example  a  1.2M  escape  is  not  unatural  at  all.  As  little 
as  a  year  ago  we  were  looking  at  Gz  acceleration  on  the  seat  and  linear  and  angular  velocity  in  the 
dummy  chest  cavity.  Seats  are  passed  basically  on  whether  or  not  the  system  nangs  together,  and 
you  get  a  chute  and  don’t  plougn  into  the  desert.  That  is  not  a  pass/fail  criteria.  I  think  we  have 
come  a  long  way  since  then.  The  problem  is  that  many  cf  the  measures,  although  readily  available, 
are  not  substantiated,  and  not  in  my  opinion  with  known  human  response  data.  As  an  example 
torques  and  moments  and  compressive  forces  are  very  effective  if  I  want  to  rank  Systems,  if  I  want 
to  establish  a  base  line,  but  if  someone  wanted  to  pin  me  to  a  wall  and  say  will  550  lbs  tension 
injure  I  don’t  know  the  answer,  k  don’t  think  anybody  knows  the  answer.  It  has  been  shown  to 
f lacture  caoaver  cervical  spines  but  what  the  relationship  is  to  humans  is  is  not  known.  However 
the  fact  that  at  5O0kts  we  monitored  4001bs  tension  in  the  neck  is  very  useful  information  because 
wc  positively  survive  500kts  ejections  so  consequently  I  would  assume  that  the  4001bs  is  survivable. 
So  now  the  question  becomes  is  an  additional  lOOlbs  tension  survivable.  So  I  agree  with  you  a  lot 
of  work  needs  to  be  done  but  we  also  have  to  get  h  better  idea  of  what  wc  are  protecting  against 
and  '..hat  the  response  looks  like.  You  have  got  to  understand  the  response  before  you  can  design 
any  protection  equipment 


Dr  Von  Gierke,  USA. 

I  have  a  similar  follow-  up  question  to  the  other  problem  we  discussed  on  the  neck  under 
sustained  acceleration.  We  have  indications  that  the  motions  under  sustained  acceleration  might 
be  the  most  dangerous  part.  Is  an  one  thinking  about  doing  anything  about  ♦his.  It  does  not 
necessarily  have  to  be  a  neck  protection  system,  it  could  for  example  be  some  experiments  using 
mirrors  to  check  6  or  using  a  display  system  like  the  super  cockpit.  I  understand  some  Air  Force* 
use  mirrors  for  checking  tne  rear  quadrant.  Ha>  anyone  experience  with  this  or  has  anyone  done 
quantification  experiments  on  the  centrifuge  to  explore  the  possibilities? 


Mr  Frisch,  USA. 

We  do,  and  you  get  into  some  anoittolies,  for  example  the  centrifuge  at  NADC  can  get  Dretty 
close  to  any  of  your  aircraft  performance  parameters  since  it  is  close  to  a  12G  sec1  onset  rate. 
Their  can,  however  be  problems.  We  rjn  a  whole  serine  Of  expert  men’s  that  locked  a:  tolerance 
and  reciination  angles  and  checking  6,  and  as  an  example,  when  high  G  is  being  pulled  and  test 
subjects  turn  their  needs  or.  a  centrifuge,  their  vestibular  system  is  upset  and  they  are  sick.  Yet  we 
continuously  have  pilots  come  in  and  say  well  i  do  this  all  the  time  and  I  don’t  have  this  pioblein. 
So  either  the  subjects  used  in  the  experiment  are  not  representative  ol  the  pilot  population,  or  we 
need  a  lot  of  training.  As  an  example  in  this  presentation,  the  Air  Force  has  I  know  had  two 
classical  hangman  injuries  with  complete  disarticulation  of  the  spine,  the  Navy  I  think  has  had 
one,  with  no  accompanying  indication  of  the  neck  being  hit.  No  contusions,  no  cuis.  no  marking  on 
the  helmets  that  would  indicate  that  the  helmet  was  arrested  by  parachute  risers  or  garrotted  or 
whatever.  But  when  you  start  looking  at  data  like  this,  the  fact  that  you  can  get  5501  bs  extension 
which  puts  the  neck  into  tension,  and  I  know  that  you  can  subject  trial  head  and  neck  system  in 
tension  to  an  angular  motion,  could  you  in  fart  noi  get  that  kind  of  an  injury.  Again  a  better 
understanding  of  the  response  mechanisms  is  needed. 
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